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Abstract 
CubeSats are being increasingly specified for demanding Earth observation and 
astronomical applications where precise pointing, agility, and stability are 
critical requirements. Such precision is difficult to achieve in the case of 
CubeSats, mainly because of their small moment of inertia, means that even 
small disturbance torques, such as those due to a residual magnetic moment, 
have a significant effect on the attitude of spacecraft. In addition, hardware 
limitations make the task more challenging. 
The effect of magnetic disturbances has shown itself by the problem of high 
tumbling rates observed on several CubeSat missions, post-flight analyses 
indicate that this is often due to un-modelled magnetic moments, mainly caused 
by the current flowing in the spacecraft, and the fact that CubeSats are often 
not designed with magnetic cleanliness in mind. However, by contrast, the other 
typical attitude disturbance sources for spacecraft (gravity gradient, 
aerodynamic, and solar radiation pressure torques) decrease significantly when 
the satellites become small. 
We investigated in this research the source of the residual magnetic field in 
CubeSats and the effect of the resulting disturbance on the attitude of the 
spacecraft. It has been found that, although the disturbances may be minimised 
by good engineering practice, in terms of reducing the use of permeable materials 
and minimising current-loop areas, these disturbances can still be an issue when 
a high degree of stability is required. We, therefore, proposed a new technique 
using a network of magnetometers to characterise and then compensate the 
residual magnetic moment on the ground and in flight. A hardware prototype 
has been developed and successfully tested with the engineering model of the 
boom payload of Alsat-1N CubeSat, magnetic air coils, and permanent magnets 
in a Helmholtz coils arrangement by implementing a network of eight miniature 
3-axis magnetometers. These are used to determine the strength, the centre, and 
the direction of the dipole of the magnetic source. 
Keywords: CubeSats, ADCS, RMM, Magnetic Control, Attitude Stability, 
Magnetic Disturbances, Magnetic Cleanliness, Dipole determination and Mitigation. 
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1 Introduction 
INTRODUCTION 
CubeSats are nanosatellites class, they are a demonstration of very small size 
satellite technology developed, mostly, using commercial off-the-shelf (COTS) 
components. They can perform practical space missions, often as university 
projects for space engineering students aiming for space engineering 
opportunities or to help teaching students about the process involved in 
understanding, developing, launching, and operating spacecraft, or wanting to 
test out some new technology or techniques (Inamori et al., 2011a; Toorian et 
al., 2008). CubeSats are proving increasingly popular, and they have recently 
attracted the interest of many national space agencies, professional space-tech 
companies and universities as a new tool of space development and research due 
to their cost and ease of technology using COTS components (Abbas et al., 
2012). This class of spacecraft is being increasingly used for Earth observation 
,remote sensing, communications, and astronomical applications where precise 
pointing and high stability are critical requirements (Selva and Krejci, 2012). 
As of mid-2018, a couple of CubeSats have been launched on a mission flying to 
Mars, and other CubeSats are being considered and designed for the Moon and 
Jupiter (Howell, 2018). 
Given the power, volume, and cost limitations of CubeSats, several challenges 
must be addressed by the CubeSat community. One key challenge is the 
provision of a precise attitude determination and control system (ADCS), as the 
small size of the satellites means less volume, less mass, and less power for 
sensors, actuators, and algorithms processing (Quadrino, 2014). Moreover, many 
CubeSats have been observed to suffer from unwanted magnetic dipole 
moments, which become the dominant source of attitude disturbances for such 
small moment of inertia platforms (Inamori et al., 2011a; Steyn and Hashida, 
2001). To remedy this, the source of these disturbances ought to be reduced on 
the ground by good engineering practice, applying a magnetic cleanliness 
program (e.g. by minimising the use of permeable materials and minimising 
current-loop areas) and, ideally, any residual dipole moment should be cancelled 
in-orbit, in order to achieve the required level of attitude control.  
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1.1 Nanosatellites and CubeSats Approach 
In October 1957, the first artificial satellite "Sputnik-1" was launched and placed 
in orbit successfully and transmitted information to the USSR (Union of Soviet 
Socialist Republics) on the ground. Its mass was 84kg, and its form was a 58cm 
(23in) diameter polished metal sphere (Oberright, 2002). Following this 
significant event, satellites rapidly grew increasingly large, advanced, and 
enormously expensive. The space race between the United States of America 
(USA) and the USSR was initially an essential catalyst for the fast development 
of advanced technology, but spacecraft costs escalated, and timescales 
lengthened, as the space race emphasis was placed on the size of spacecraft and 
launch vehicles as well as the reliability necessary to support human spaceship 
(Oberright, 2002; Sweeting, 2002). 
Over the last two decades, interest has activity grown in nanosatellites, mostly 
in CubeSat platforms. Advances in microelectronics and mechanics mean that 
the capabilities of this class can easily match to some extent those of typical 
microsatellites of the early 1990s. The smaller size and mass of nanosatellites 
make it practicable to launch several satellites together opening possibilities of 
new mission scenarios, using constellations of spacecraft or clusters (Thakker 
and Shiroma, 2010). Relying on a simplified architecture, and on COTS 
components approach, it is possible to significantly decrease the time-to-
completion, and substantially reduce costs, leading to a significant increase in 
the number of nanosatellite programs (Underwood et al., 2002). 
Nanosatellites are usually classed as those being in the 1-10kg mass range (they 
can take larger size) 1, they offer several advantages over the traditional satellites 
approach utilising large satellites, and the most benefit is lower development 
and launch costs. Constellations of many nanosatellites can also simultaneously 
acquire measurements around the globe, showing that nanosatellites can obtain 
valuable space missions (Thakker and Shiroma, 2010). Nanosatellites are not 
necessarily a novel idea; due to launch vehicle constraints; the first satellites 
generation was “Nano” sized and ranged from 1.5 to 9.8kg, the first successful 
                                                            
1 Larger “small” satellites; up to ~100kg; are usually referred to as “microsatellites” – 
but there is no internationally accepted standard definition (Mabrouk, 2017). 
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nanosatellite was launched by the United States a few months after Sputnik-1 
and was followed by many other nanosatellites over the next several years 
(Oberright, 2002). 
There are ongoing activities all over the world focused on developing and 
inventing small components and elements to make smaller and lightweight 
spacecraft. It is expected to continue in the future, as better techniques and 
materials are brought together to make ever-smaller items (Oberright, 2002). 
The success of any nanosatellite project relies on lowering mission costs and 
reducing the completion time, and this can be possible by (Underwood et al., 
2002):  
 facilitating concurrent design; 
 making it modular (e.g. CubeSats platforms) ; 
 standardising both the electrical and mechanical interfaces; 
 make it easy to assemble and test; 
 using COTS technologies, but making the design robust; 
 above all, by keeping it simple.  
CubeSats are nanosatellites class; they are built to standard dimensions, with a 
base unit volume (U) of 10cm x 10cm x 10cm (Neeck and Hammer, 2008).  They 
can be 1U, 2U, 3U, 6U or even 16U 2 (Figure 1-1) and the total mass budget is 
nominally less than 1.33kg of mass per unit (Munakata, 2008; Sarah and Brian, 
2018; Poghosyan and Golkar, 2017). 1U CubeSat is the smallest size catalogued 
by NORAD (North American Aerospace Defence Command) (Kessler et al., 
2011). In 1999, Stanford's Space Systems Development Laboratory (SSDL) and 
California Polytechnic State University's Multidisciplinary Space Technology 
Laboratory (MSTL) discussed ways to provide students with hands-on 
experience in the field of spacecraft system design to help them become ready 
and productive members for the space industry right out of school. The concept 
of CubeSats was then proposed in November 1999 at the 2nd Space System 
                                                            
2 1U refers to a unit box of approximately 10cm x 10cm x 10cm – 2U being two of 
these units, 3U three, etc. (Mabrouk, 2017).  
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Symposium and adopted later widely by universities, private companies, and 
government agencies (Toorian et al., 2008; Abbas et al., 2012). Total of 1088 
CubeSats have been successfully launched up to the 10th of June 2019 for a 
variety of purposes and missions (Erik, 2019).  
Figure 1-1: CubeSat specifications in the framework of overall small satellites 
classification (Mabrouk, 2017) 
Although CubeSat programs still face many obstacles and difficulties, their 
ultimate success for training the next generation of aerospace engineers, 
demonstration of new technology and placing experiments into space is 
undeniable. Even though CubeSats will never be a replacement for mainstream 
spacecraft, they can still serve as a valuable platform for small payloads, and 
this opens doors to experimenters from universities, small space companies who 
have had no means to carry out their payloads or missions (Toorian et al., 2008).   
Figure 1-2: Nanosatellite launches (Erik, 2019) 
Launched   
Launch failures 
Announced launch year  
Nanosats.eu prediction 
Pico     1kg         Nano          10kg          Micro         100kg 
V
ol
um
e 
1U  2U  3U  6U  12U… 
1,33kg      2,66kg    4kg 
  
Satellite Class and Mass 
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Figure 1-2 shows all CubeSats/Nanosatellites launches over the last two decades, 
for each year (columns) and the prevision of launches until 2023 seen by 
Nanosats.eu website. As can be seen, the number of CubeSats launched in the 
last two years have dramatically increased compared to other years, and this is 
because of the rise of interest of universities and small space companies on 
CubeSats projects. The success criteria of any nanosatellite vary from mission 
to another, Figure 1-3 illustrates the present status of launched nanosatellites 
up to the 10th of June 2019 classified by operational, not operational, re-entered, 
launch failures, and deployment failures (Poghosyan and Golkar, 2017; Erik, 
2019). 
 
 
The diagram in Figure 1-4 shows the number of all CubeSats launches up to 
June 2019, it represents the fractions of all launches that belong to each CubeSat 
size distributed amongst different CubeSat sizes, where the 3U size represents 
the dominant size which is 46% of launches, overs 11 types of CubeSats depicted 
in Figure 1-4 (Poghosyan and Golkar, 2017; Erik, 2019). 
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Figure 1-3: Present status of launched nanosatellites (Erik, 2019) 
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As can be seen from Figure 1-2 and Figure 1-4, the nanosatellite class has 
experienced explosive growth over the last fifteen years, and most of this growth 
comes from CubeSats. The number of total launches started to increase 
significantly around 2013, and this trend is predicted to continue over the next 
few years (Poghosyan and Golkar, 2017; Erik, 2019). 
The 3U CubeSat platforms represent the most significant fraction of all launches 
with about 50% share, while the 1U platforms represent only 15.4% of all 
platforms (Figure 1-4). Although a large number of 2U or smaller CubeSats have 
been launched, larger CubeSats platforms such as 3U, 6U or 12U are 
significantly gaining more fraction and will become more common in the future, 
due to the increased capabilities of these platforms in the last few years, while 
smaller platforms will most likely continue to be mainly used for technology 
demonstrations or to be part of large satellite swarms in the future (Poghosyan 
and Golkar, 2017; Erik, 2019). 
Figure 1-5 and Figure 1-6 represent CubeSats launched per year and per 
application from 2005 to 31st of May 2018. The applications in question are 
communications, education, remote sensing, science and technology 
demonstration. It can be seen from Figure 1-6 that Earth remote sensing 
missions are the main applications to which CubeSat missions have been 
dedicated. Technology demonstration missions also represent an important 
fraction of the total number of launched CubeSats. 
Figure 1-4: CubeSats launches classified by types (Erik, 2019) 
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Figure 1-5: CubeSats launched per year and per application from 2005 to 
31st of May 2018 (Villela et al., 2019) 
Figure 1-6: Cumulative number of CubeSats launched per year and per 
application from 2005 until 31st of May 2018 (Villela et al., 2019) 
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1.2 Motivation and Scope of the Research 
In the last two decades, CubeSats have attracted the interest of a wide range of 
satellite developers from many national space agencies, professional space-tech 
companies and universities as a new tool of space development and research due 
to their low cost and ease of technology using COTS components and short 
development cycle (Abbas et al., 2012; Chen et al., 2018a). However, CubeSats 
suffer from their size and usage of COTS, which are not space-qualified 
components and imply a high risk of susceptibility to the space environment 
and mission failure (Quadrino, 2014; Rogan et al., 2015).  
For more complicated and sophisticated CubeSats missions such as space 
astronomy, Earth observation, and remote sensing, it is required that these 
satellites need more precise attitude determination and control systems (Selva 
and Krejci, 2012; Chen et al., 2018a). Given the power, volume, and cost 
limitations of CubeSats, several challenges must be addressed by the CubeSat 
community. One key challenge is the provision of a precise attitude 
determination and control system, by using only COTS sensors and actuators; 
as smaller satellite means less volume, less mass for sensors and actuators, as 
well as less power for hardware and algorithms processing (Quadrino, 2014; Chen 
et al., 2018a). 
Furthermore, many Nanosatellites/CubeSats have been observed to suffer from 
unwanted magnetic dipole moment, and the spacecraft attitude control system 
becomes more challenging to meet its requirements under the effect of the 
residual magnetic dipole moment. Post-flight analyses indicate this is often due 
to un-modelled magnetic moments (e.g., SNAP1 (Surrey Nanosatellite 
Applications Platform) and CYGNSS (Cyclone Global Navigation Satellite 
System) nanosatellites) (Steyn and Hashida, 2001; Miyata and van der Ha, 2009; 
Ruf et al., 2018; Inamori et al., 2011b; Udrea et al., 2013) mainly caused by the 
current flowing in the spacecraft. This magnetic moment becomes the dominant 
source of attitude disturbances for such platform as a consequence of its small 
moment of inertia, whereas for traditional large satellites, the effect of the 
residual magnetic field on their attitude determination and control system is not 
dominant comparing to nanosatellites due to the big moment of inertia on large 
spacecraft (Equation (1.1)) (Wertz, 1978; Hintz, 2015; Steyn, 1995; McClain and 
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Vallado, 2013). By contrast, the other typical attitude disturbance sources for 
spacecraft (gravity gradient, aerodynamic, and solar radiation pressure torques) 
decrease significantly when the satellites become small (Lassakeur and 
Underwood, 2017). Therefore, measures must be engaged to reduce the influence 
of the residual magnetic dipole moment on the ground (e.g., by suitable design 
practice) and, ideally, any residual should be cancelled in-orbit, in order to 
achieve the required level of attitude control (Inamori et al., 2011a; Steyn and 
Hashida, 2001).  
Figure 1-7 shows an example of the post-flight analyses of the RMM of SNAP1 
estimated by the Kalman Filter. The significant magnetic disturbance observed 
in orbit ([0.02, 0.04, −0.11] Am2) is mainly caused by the magnetic remanence 
in the dual solenoid valves of the thrusters. This disturbance led the SNAP1’ 
attitude to be a compass mode before estimating the RMM and partially 
mitigating them in orbit using the magnetorquers. 
Table 1 represents a quantitative figure on typical magnitude order of the 
different disturbance torques in real life mission scenario in low Earth orbit 
(660km), estimated on PRISM nanosatellite. Figure 1-8 illustrates a comparison 
between the magnetic (MAG) and the gravity gradient (GG) toques, estimated 
on PRISM nanosatellite. In-orbit estimation data of SNAP1 and PRISM 
illustrated in Table 1, Figure 1-7 and Figure 1-8 support the statement that the 
magnetic disturbance torque is dominant in comparison with the gravity 
gradient, aerodynamic and solar pressure torques. 
Figure 1-7: In-orbit RMM Estimation of SNAP1 (Steyn and Hashida, 2001)  
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Table 1: Attitude disturbance in the PRISM mission (Inamori et al., 2011b) 
Disturbance type Value [Nm] 
Magnetic disturbance 3.0 × 10−  
Gravity gradient 8.0 × 10−  
Aerodynamic 3.0 × 10−  
Solar pressure 1.0 × 10−  
Equation (1.1) represents the dynamics of the spacecraft, where the angular 
momentum of the spacecraft is expressed as a function of the moment of inertia, 
the external torques ᵃ�⃗ and the internal torques, considering only magnetorquers 
and a momentum wheel (Wertz, 1978; Steyn, 1995):  
 I⍵      ̇ 
 
= ᵃ�⃗ + ᵃ� ⃗  − ⍵       
  ×  I⍵       
  + ℎ      − ℎ̇⃗ (1.1) 
where: 
I =
⎣
⎢
⎡
I   I   I  
I   I   I  
I   I   I  ⎦
⎥
⎤ is the moment of inertia (MOI) tensor 
⍵       
  =  ⍵ , ⍵ , ⍵     is the inertially referenced body angular rate vector 
Figure 1-8: In-orbit RMM Estimation of SNAP1 (Steyn and Hashida, 2001)  
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ℎ ⃗   is the reaction wheel angular momentum vector 
ᵃ� ⃗   is the magnetorquers torque 
ᵃ�⃗ = ᵃ� ⃗ + ᵃ� ⃗  + ᵃ� ⃗    is the total external torque vector 
ᵃ� ⃗  is the external magnetic torque 
ᵃ� ⃗  is the gravity gradient torque 
ᵃ� ⃗     is the aerodynamic torque vector  
As the gravity gradient and the aerodynamic torques decrease significantly when 
the satellites become small, one of the most practical and accessible ways to 
minimise the angular velocity and resolve the problem of high rate tumbling of 
nanosatellites or CubeSats is by investigating the magnetic characteristics of the 
spacecraft and by mitigating the generated magnetic torque disturbance on the 
ground and ideally in orbit. 
We set out as objectives for this research to firstly investigate the residual 
magnetic field in CubeSats and then characterise the effect of the resulting 
disturbance on the attitude of the spacecraft in orbit. We have used the flight 
and the engineering model (EM) of Alsat-1N 3U CubeSat as a real sample of 3U 
CubeSat for our investigations and testing. The ultimate goal of this research is 
to develop a new and reliable method to characterise and mitigate the residual 
magnetic dipole moment of CubeSats and nanosatellites on the ground, then in 
orbit and in real-time.  
1.3 Contributions and Research Novelty 
This research aims to investigate the magnetic characteristics of CubeSats by 
studying and describing the sources of the residual magnetic moment (RMM) 
and by evaluating the effect of the magnetic disturbance to the attitude of 
CubeSats. All spacecraft have an associated magnetic field that depends on its 
material properties and the presence of current loops, surveys of COTS solar 
arrays and CubeSats subsystems indicate that they are often not designed with 
magnetic cleanliness in mind. For instance, solar arrays should be designed to 
minimise current loops and the generated magnetic disturbances, including the 
avoidance of using magnetic materials, and a rigorous application of magnetic 
field cancellation techniques. 
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The problem of high rate tumbling of CubeSats is due to un-modelled magnetic 
moment mainly caused by the current flowing in the spacecraft, in the harness, 
in the solar panels and permanent magnets, etc. To confirm this theory, we 
conducted in this research some experiments to study and characterise the 
magnetic field characteristics of both flight and engineering models of Alsat-1N 
(3U CubeSat) in different configurations using a 3-Axis Helmholtz coils to cancel 
the Earth’s magnetic field (Appendix A). This test facility was designed and 
built in Surrey Space Centre in the frame of this research project. We found 
that the magnetic field of the spacecraft is very high, and this is due to the 
presence of the permanent magnet carried in the electric motor of the boom 
payload, this magnet caused a continuous magnetic disturbance for Alsat-1N 
CubeSats in orbit. 
Therefore, it is extremely recommended to run a so-called magnetic cleanliness 
program on each part or subsystem of the spacecraft to achieve acceptable 
magnetic cleanliness level and ensure that the spacecraft magnetic field stays 
sufficiently low. The success of any magnetic cleanliness campaign relies mainly 
upon the best engineering practice and ensuring that each part on the spacecraft 
has its residual magnetic field emission characterised and compensated. This 
reduces the magnetic dipole moment disturbance of the spacecraft in orbit and 
eventually improves the attitude stability of the satellite. 
The application of the on-ground methods of magnetic cleanliness reduces the 
magnetic disturbance of the spacecraft considerably but cannot eliminate them. 
Therefore, it is paramount to apply in-orbit residual magnetic moment 
determination or estimation and mitigation methods in order to achieve accurate 
attitude control of nanosatellites. 
1.3.1 Magnetometer Network Technique for Magnetic Dipole 
Determination  
Having applied the magnetic cleanliness program to the satellite (described in 
detail in Chapter 5) and alleviated the residual magnetic moment during the 
mission design and the integration of the spacecraft, the goal of this research is 
to develop a reliable method to characterise and mitigate the magnetic dipole 
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moment of the spacecraft both on the ground and in orbit. For the ground tests, 
a Helmholtz coils test facility is used to cancel the Earth’s magnetic field.  
The new technique proposed in this research to mitigate magnetic field 
disturbance uses a network of eight miniature 3-axis magnetometers distributed 
around the spacecraft (Figure 1-9) to measure the magnetic field, we then apply 
the method described in Chapter 3, to determine the dipole moment of the 
spacecraft. Therefore, the residual magnetic dipole of the spacecraft can be 
characterised and countered on the ground, then in orbit and in real-time, such 
that the calculated dipole by our model is available to the attitude 
determination and control system control loop so that the dynamic dipole of the 
spacecraft can be compensated using the in-built electromagnet.  
The eight body magnetometers of the spacecraft serve as an input to the 
algorithm, which determines the strength, the centre, and the direction of the 
magnetic dipole moment of the spacecraft. The external magnetometer is needed 
to measure the external magnetic field. 
For the ground mitigation method: 
 Helmholtz coils test facility is used to cancel the external (Earth’s) 
magnetic field and replaces the external magnetometer. 
 The dipole calculated by the model can be easily compensated by 
applying the same magnetic torque magnitude in the opposite direction, 
and this can be used either for the entire spacecraft or preferably for 
Internal Magnetometers  
External Magnetometers 
Figure 1-9: The initial proposition of magnetometers layout (near-field) on 
a typical 3U CubeSat 
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each subsystem, as this technique is strongly recommended to be used 
for each subsystem or payload. 
For the in-orbit mitigation method: 
 The external magnetometer is used as a reference reading of the Earth’s 
magnetic field, and this value must be deducted from the spacecraft body 
magnetometers readings. 
 The calculated dipole by the residual dipole determination model is 
available to the ADCS control loop so that this dipole can be 
compensated using the in-built electromagnet. 
Figure 1-10 shows a system diagram for the in-flight concept. 
Both on-ground and in-orbit methods are recommended for nanosatellites. The 
main advantage of using this strategy is that the ground RMM characterisation 
and mitigation method with rigorous magnetic cleanliness program reduces the 
dipole moment of the spacecraft significantly on the ground and reduces the 
load on the onboard ADCS control loop. The remaining residual dipole can be 
compensated in orbit using the proposed in-orbit technique or even only 
standard estimation methods. The result obtained in the experiment performed 
with the boom payload of Alsat1-N in Chapter 5 demonstrates that the 
calculated dipole by the proposed system is capable of characterising the dipole 
Figure 1-10: In-orbit residual magnetic moment determination and cancellation 
strategy  
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moment of this payload, and by applying the exact dipole in the opposite 
direction, the total magnetic dipole moment of the spacecraft boom payload is 
eliminated by 98.9%. This means that by applying this mitigation on the ground 
to the boom payload before the launch, the disturbing torque can be eliminated 
by 98.9% in-orbit without requiring any active control.   
As the dynamical magnetic field of the nanosatellites is assumed to be a dipole 
(Turer and Sevgi, 2016; Tossman, 1965; Jéger, 2017), the layout of the 
magnetometers was initially chosen to be just outside the spacecraft body 
(Figure 1-9). However, the magnetic field of the spacecraft is a multi-pole in the 
near-field and can only be observed and considered as an equivalent dipole 
moment in the far-field. Figure 1-11 shows a 2D illustration of the near and far 
magnetic field regions of a 3U CubeSat generated by Finite Element Method 
Magnetics (FEMM) and simulated on ViziMag software (ViziMag, 2018). Hence, 
the dipole approximation characterisation of the magnetic model of the 
spacecraft is used (Equation (1.2)), and consequently, the layout of the 
magnetometers had to be reconsidered (Figure 1-7) to respect the far-field 
scaling.  
Near-Field Far-Field 
R=D 
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Figure 1-11: Near-field versus far-field illustration on 3U CubeSat 
10-3 
10-4 
10-5 
10-6 
[T] 
  
 
- 16 - 
 
 
The magnetic field (ᵃ�     ) outside the localised source as a function of the generated 
dipole (ᵅ�      ) in free space is given by Equation (1.2) (Jackson, 1999; Arfken et al., 
2013; Markley and Crassidis, 2014; Balaji and Nelson, 2014): 
 ᵃ�     (ᵅ�) = 
μ 
4π
 3r(̂ᵅ�       ∙ r)̂
|ᵅ�|⃗ 
− ᵅ�      
|ᵅ�|⃗ 
  (1.2) 
where  
ᵃ�     (ᵅ�) is the magnetic field at the location ᵃ� (ᵅ�, ᵅ�, ᵅ�) 
μ   is the permeability of the free space 
ᵅ�        is the magnetic dipole moment 
ᵅ� ⃗ is the vector from the dipole to (ᵅ�, ᵅ�, ᵅ�) 
ᵅ� ̂ is the unit vector in the direction of ᵅ�.⃗ 
Figure 1-12 shows the revised and the final layout of the magnetometers, 
considering the far-field scaling. For practical suggestions, the magnetometers 
can be implemented in the extremity of deployable solar panels or in tow 
deployable boom in ±X axis. 
Figure 1-12: Far-field magnetometers layout on a typical 3U CubeSat 
Body Magnetometers 
Earth’s Magnetic Field Sensor 
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The Electric field (E) and the magnetic field (B) strengths decrease inversely 
with the distance from the source in the far-field, resulting in an inverse-cube 
law from the source. However, in the near-field, the magnetic field strength 
decreases by an the inverse distance squared (ᵃ� α ᵅ�− ), on the other hand, the 
electric field decreases by inverse cubed law (ᵃ� α ᵅ�− ) (Paul, 1992; Bienkowski, 
2012; Christopoulos, 2007; Weston, 2017). 
The condition of the far-field boundary (ᵃ� > ᵃ� distance from the source) is 
confirmed and validated experimentally on the boom payload of Alsat1-N. It 
has been found that ᵃ� = 10cm distance from the source is just enough to 
determine the equivalent dipole moment, using the network of magnetometers 
technique. However, the dipole cannot be calculated when the sensors are too 
close to the source. The near field and far field scaling are discussed in detail in 
Chapter 3. 
To summarise, we have studied in this research the sources of the residual 
magnetic field in CubeSats and characterised the effect of the resulting 
disturbance on the attitude of the spacecraft. It has been found that, although 
the disturbances may be minimised by good engineering practice and careful 
application of magnetic cleanliness plan, these disturbances can still be an issue 
when a high degree of stability and agility is required. Our new technique 
proposed in this thesis is fundamentally based on the mathematical model 
described by (Jackson, 1999) in “Classical Electrodynamics” book and described 
in detail in Chapter 3, secondly, by implementing a network of magnetometers 
around the spacecraft to characterise and compensate the residual magnetic 
moment on the ground and in flight, in real-time. Finally, the calculated dipole 
is then available to the ADCS control loop so that this dynamic dipole can be 
compensated in orbit and in real-time using the magnetorquers by applying a 
controlled torque in the counter-direction of the calculated magnetic dipole. 
A hardware prototype and a software model have been developed and 
successfully tested with the engineering model of the boom payload of Alsat-1N 
CubeSat, magnetic air coils, and permanent magnets in a Helmholtz coils 
arrangement. For the hardware configuration, we have used a set of 8 HMC1053 
magnetometers (Honeywell, 2018a), the measurements are synchronised so that 
the field can be accurately estimated at a particular instant of time.  
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The interface circuit board is developed to connect the magnetometers to the 
Raspberry Pi 3 Model-B computer using the I2C bus (Mankar et al., 2014). The 
circuit is capable of reading all eight magnetometers (24 readings) in less than 
25ms. The software used to determine the strength, the centre and the direction 
of the dipole of the magnetic source is based on the Levenberg-Marquardt 
algorithm and is coded in python then implemented in the Raspberry Pi 3 
Model-B (Raspberry-Pi, 2019). 
There are a very limited number of nanosatellites in the literature that 
characterises and partially mitigates the residual magnetic dipole moment in 
orbit. All these missions use different methods to estimate rather than calculate 
the residual dipole moment of the spacecraft either on the ground or in orbit. 
However, the proposed method in this research is based on physical 
measurements of the dynamic nature of the residual magnetic moment of the 
spacecraft. This method can be integrated into any ADCS and accurately 
measure and mitigate the magnetic dipole of the satellite in orbit, and in real-
time, the advantage of this technique is that the attitude control of the 
spacecraft can be improved without the need to change the existing ADCS 
hardware – simply adding in 8 more magnetometers (assuming one is already 
present). In addition, this method can be generalised for other applications in 
order to characterise the dipole moment of small objects, as we have successfully 
tested and validated this technique with magnetic air coils, and permanent 
magnets. 
The accuracy we aim to achieve with the proposed method in this research 
depends on the full ADCS solution used in in-orbit, as this method is not a 
complete ADC system. It provides mainly magnetic cleanliness guidelines to 
CubeSats community in order to reduce the effect of the RMMs on the ground 
and in orbit, this improves any attitude stability and by consequence, the 
pointing accuracy.  
1.3.2 Publications 
1. A. Lassakeur, C. Underwood, B. Taylor, and R. Duke (2019) " Magnetic 
Cleanliness Program on CubeSats and Nanosatellites for Improved 
Attitude Stability," Journal of Aerospace Science and Technology. 
(Accepted on the 5th of November 2019). 
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2. A. Lassakeur and C. Underwood, "Magnetic Cleanliness Program on 
CubeSats for Improved Attitude Stability," in the 9th AIAA/IEEE 
International Conference on Recent Advances in Space Technologies 
“RAST” 2019. (peer-reviewed). 
3. A. Lassakeur, C. Underwood, and B. Taylor, "Enhanced Attitude 
Stability and Control for CubeSats by Real-Time On-Orbit 
Determination of Their Dynamic Magnetic Moment," in the 69th 
International Astronautical Congress (IAC), 2018. 
4. A. Lassakeur and C. Underwood, "Precision Attitude Determination and 
Control System of CubeSats by On-Orbit Determination of the Dynamic 
Magnetic Moment," in 10th International ESA Conference on Guidance, 
Navigation & Control Systems Salzburg, Austria, 2017. 
1.4 Thesis Overview 
This thesis is organised into six chapters. The first introduces the motivation, 
the scope of research, the research novelty, and the list of publications. The 
second chapter presents the background and literature review of CubeSats’ 
attitude determination and control system, a brief description of the attitude 
determination and control system of Alsat-1N CubeSat, and then the problems 
and challenges facing CubeSats in terms of hardware limitations, and the 
environmental disturbances are discussed, emphasising on the issues of magnetic 
residual dipole moment of spacecraft which is the dominant source of 
environmental disturbances and the focus of this research. 
We present in Chapter 3 an introduction to magnetism in materials, different 
type of magnetic materials, and we present then the magnetic field and 
Maxwell’s equations theory. We describe current loops and the magnetic dipole 
moment generated in the presence of an external magnetic field. We provide 
and discuss then the existing methods of the spacecraft’s dipole moment 
determination in the literature, and the method adopted in this research for the 
ground and on-orbit characterisation of the residual dipole moment of 
nanosatellites and CubeSats. 
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In Chapter 4, we present the proposed implementation method for the 
spacecraft’s residual dipole moment characterisation, applied, and tested on the 
ground with the engineering model of the boom payload of Alsat-1N CubeSat. 
We present and discuss in Chapter 5, the magnetic cleanliness techniques and 
the residual dipole moment mitigation methods used on the ground for most 
spacecraft, and we then apply the residual dipole moment determination method 
that is described in Chapter 4 to mitigate the resultant magnetic torque of the 
spacecraft. The ground validation and testing are applied to the engineering 
model of the boom payload of Alsat-1N CubeSat inside the 3-D Helmholtz coils. 
Chapter 6 provides conclusions and summary of the research work conducted 
along with some suggestion on directions of future work related to this research. 
Finally, five appendices are provided in this thesis. Appendix A describes the 
Helmholtz coils test facility designed and constructed in the frame of this 
research. The Python code used to resolve the overdetermined nonlinear system 
of equations to characterise the magnetic dipole moment is described in 
Appendix B. Appendix C presents the schematic diagram of the HMC1053 
Magnetometer designed and manufactured in this research. And finally, 
Appendix D shows a sample of magnetometer calibration results in three axes 
of the HMC1053 magnetometer using the highly accurate digital three-axis 
magnetometer Honeywell HMR2300 as a reference.  
  
 
- 21 - 
 
 
CHAPTER 2 
2 CubeSats’ Attitude Determination 
and Control System – Problems 
and Challenges  
In this chapter, we introduce CubeSats’ Attitude Determination and Control 
System approaches. As we use Alsat-1N CubeSat to perform our magnetic 
investigation and testing in this research, then the attitude determination and 
control system of Alsat-1N is presented. We finish by discussing the main 
problems and challenges facing the attitude determination and control system 
for CubeSats and nanosatellites. 
2.1 Approaches to Attitude Determination and 
Stabilisation Control for CubeSats 
The attitude of a spacecraft in-orbit is its orientation in space (Wertz, 1978), 
and the “attitude determination” term refers to the process of combining the 
information provided by acquisition and processing data from sensors with 
knowledge of the spacecraft dynamics in order to provide an estimation attitude 
and orientation state of the space vehicle as function of time (Markley and 
Crassidis, 2014; Wertz, 1978; Springmann, 2013). Attitude sensing is crucial for 
the success of any space mission if a high level of accuracy is required (typically, 
1° to 0.1 arc second), the satellites may need to measure the direction of stars 
using star trackers (STT). However, if a lower level of accuracy is accepted the 
Earth’s horizon, Sun sensors or the magnetometer are used (Pisacane, 2005). 
The “attitude control” is the process of stabilising and orienting the spacecraft 
in desired directions at a specified moment in a passive or active way, 
considering the external disturbance torques. The Attitude Determination and 
Control System is generally coupled to other subsystems, particularly the 
navigation and the propulsion systems for the better precision and the control 
of the orbit (Wertz and Larson, 1999). 
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The purpose of spacecraft attitude stabilisation is to point the payloads at 
something or somewhere. For instance, to point a radar, a camera, or other 
instruments toward an exact location on the Earth, or to point a telescope at 
stars or other astronomical feature (De Ruiter et al., 2012). Attitude control 
takes several forms, depending on the desired attitude and its accuracy, it can 
be done actively relying on computed actuator torques to achieve and maintain 
the desired position and orientation. It can also be passive and rely on its natural 
response to the external environment and rely on its natural reaction to the 
external environment to maintain its attitude or by making use of the satellite’s 
natural dynamics to ensure a stable equilibrium. This type of control is useful 
when a coarse accuracy is required. An example of this is the use of 
magnetorquers to interact with the geomagnetic field, or the gravity gradient 
stabilisation which uses the Earth's gravitational field and tidal forces to keep 
the satellite coarsely aligned with the desired orientation. Depending on the 
needs of the mission, it might also combine passive and active strategies, the 
spacecraft may be controlled within a few degrees for some nominal attitude, or 
within a small fraction of arc-seconds for high accuracy requirements for 
sophisticated ADCS systems, as for the Hubble Space Telescope (Pisacane, 2005; 
De Ruiter et al., 2012; Hintz, 2015; Poghosyan and Golkar, 2017). 
Attitude estimation consists of a two-part process: the first is the reading of 
measurements acquisition from sensors such as the Earth sensor, Sun sensors, 
magnetometers and the star tracker to determine the orientation of the 
spacecraft. The second part is the filtering of measurements, which requires 
knowledge of the dynamic of the system and the set of sensors observations 
(Crassidis et al., 2007). 
Figure 2-1 describes the typical control system, it consists basically of three 
principal part: Navigation which tracks the current location of the spacecraft, 
guidance that defines the target to get to, and the control term which refers to 
the way to get to the desired orientation accepting the guidance commands (De 
Ruiter et al., 2012). 
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2.1.1 Passive Attitude Stabilisation  
Passive stabilisation control consists in putting naturally the spacecraft into a 
favourable stable equilibrium (De Ruiter et al., 2012). Passive methods of 
attitude control for CubeSats have been widely investigated and used as a 
primary attitude stabilisation strategy. These methods do not require any 
moving parts, power consumption, or processing. It is, therefore, an attractive 
attitude control solution when only coarse pointing is needed (Wertz, 1978), 
particularly with CubeSats, where power, mass, and volume are constrained. 
Approaches including spin stabilisation, magnetic, gravity-gradient, and 
aerodynamic stabilisation are all adopted and implemented for attitude control 
of CubeSats. 
2.1.1.1 Spin Stabilisation 
Spin stabilisation is one of the oldest and simplest methods of passive 
stabilisation (De Ruiter et al., 2012; Mahdi, 2018), the entire spacecraft is spun 
about its major axis so that the angular momentum vector of the space vehicle 
remains approximately fixed with respect to the inertial space (Wertz, 1978; 
Wiesel, 2010). If the spacecraft spins about its minor axis and there is some 
internal dissipative  energy that tends to decrease the spin kinetic energy to its 
minimum, the spacecraft will then transfer the spin of rotation to its major axis 
(Sidi, 1997). This attitude direction can only be changed if external moments 
are applied to the spacecraft body about its centre of mass, and the vector 
should be perpendicular to the spin axis (Sidi, 1997). This method is simple and 
effective. Nonetheless, it requires structural stability and rigidity; in addition, 
Figure 2-1: Typical spacecraft control system (De Ruiter et al., 2012) 
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antennas and sensors cannot remain permanently pointed at a specific inertial 
target (Wertz, 1978). An example of spin stabilisation CubeSat missions are 
DICE (Dynamic Ionosphere CubeSat Experiment) which is a 1.5 U (Neilsen et 
al., 2014), and DIMEsat (Double-probe Instrumentation for Measuring Electric–
fields Satellite) which is a 1.5 U (Grover, 2013).  
Dual spin stabilisation also is known as gyrostat, it can be employed to maintain 
antennas, sensors, and payloads remain permanently pointing at a specific 
inertial target (Fortescue et al., 2011; Hughes, 2004). 
2.1.1.2 Magnetic Stabilisation with Permanent Magnet 
The use of magnetic control has been the subject of extensive study and 
implementations since the beginning of satellite missions (Silani and Lovera, 
2005; Lovera and Astolfi, 2004). This simple cheap and passive magnetic control 
method is widely used for CubeSats attitude control due to its cost and 
simplicity. Permanent magnet control, also known as a compass mode, is used 
when only two-axis stabilisation is required, it is cheap and does not require any 
power to control the spacecraft. If the spacecraft has been detumbled, the 
stabilisation can be done for the entire lifetime of the satellite. The main 
drawback of this type of stabilisation is that it is not possible to remove the 
kinetic energy from the satellite, and the fact that the Earth magnetic field 
varies along the orbit, which means that the three-axis stabilisation cannot be 
achieved with a permanent magnet. Therefore, this type of passive control is 
suitable in a very limited number of missions (Jensen and Vinther, 2010; Steyn 
et al., 2000).   
 
→ 
Figure 2-2: Illustration of compass mode stabilisation (Heiney, 2013) 
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An example of permanent magnet control applications on CubeSats is the RAX 
(Radio Aurora Explorer) which is a 3U CubeSat (Springmann et al., 2012b; 
Springmann et al., 2012a; Park et al., 2010) and OUFTI-1 (Orbital Utility For 
Telecommunications - Technology Innovations), which is a 1U CubeSat 
(Vincent, 2010). Their attitude control system relies on permanent magnets with 
hysteretic materials since their primary payload does not require to point into 
a specific direction, and it is typically limited to attitude pointing of ±10° 
precision. CSSWE (Colorado Student Space Weather Experiment) is a 3U 
CubeSat, and its attitude control is based on a permanent bar magnet in 
combination with hysteresis rods to supply dampening torque (Palo et al., 2014; 
Gerhardt, 2010). 
2.1.1.3 Gravity-Gradient Stabilisation 
Gravity-gradient attitude stabilisation technique makes use of the inertial 
properties of the spacecraft and the gravitational field of the Earth and tidal 
forces to keep the satellite aligned with its desired orientation. The differential 
gravitational forces acting on an asymmetric spacecraft force in the minimum 
moment of inertia axis should be perpendicular to the gravitational equipotential 
(Wertz, 1978; Kershner and Fischell, 1965). The gravity-gradient control is 
achieved by deploying a long boom with the mass along one of the spacecraft 
axes. The satellite tends consequently to align the boom naturally in the 
direction towards the centre of the Earth. The main drawback of this type of 
control is the poor pointing accuracy with respect to the orbit reference frame 
(Zorita, 2011; Chen et al., 2000). The gravity-gradient control method can be 
used as a single control mode only if coarse pointing is required. A momentum 
wheel is needed to increase the stability for fine pointing (Bender, 2011). 
An example of the gravity-gradient control application on CubeSats is   
ChargerSat-1 (Hadi, 2015) and DragonSat (Zorita, 2011) that are both 1U 
CubeSat for demonstrating the gravity-gradient deployment technology. 
However, this attitude stabilisation method is not widely adopted for CubeSats 
class mainly because of the size of the spacecraft. 
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2.1.1.4 Aerodynamic Stabilisation 
When the altitude of a spacecraft is relatively low, for example below 500km, 
satellites face a significant aerodynamic drag force, the aerodynamic stabilisation 
method can be considered to stabilise and align the spacecraft with the relative 
wind direction (Chen et al., 2000). Passive aerodynamic stabilisation has been 
first demonstrated on orbit by the Soviet Union on Cosmos-149 launched in 
1967 and Cosmos-320 in 1970 (Rawashdeh and Lumpp Jr, 2013). A combination 
of magnetic and aerodynamic active 3-axis stabilisation control method is 
proposed by (Steyn and Lappas, 2011) for CubeSats using solar sail panel 
translation and magnetic torqueing (Lappas et al., 2011; Steyn and Jordaan, 
2016). Aerodynamic stability with active damping has been successfully 
demonstrated on many CubeSats, such as QbX (CubeSat Experiments) (Bender, 
2011) using Pumpkin Colony-1 Bus  (Rawashdeh and Lumpp Jr, 2013) and 
QuakeSat (Armstrong et al., 2009b; Kramer, 2012; Armstrong et al., 2009a). 
2.1.2 Active Attitude Stabilisation 
An active spacecraft attitude control system refers to the attitude stabilisation 
that requires to actively take part in changing its attitude in orbit. Some 
missions require three-axis stabilisation, which is complete control of the 
spacecraft orientation along all three axes. This type of control is much common 
than using a pure passive stabilisation (Mahdi, 2018). 
Active attitude stabilisation systems for CubeSats class have dramatically 
improved over the last decade. It is facilitated by the development of advanced 
miniaturised star trackers for CubeSats capable of achieving accurate attitude 
determination with an arcsecond accuracy. Integrated ADCS units for precise 
3-axis control are offered by several space companies, which combine different 
sensors and actuators into a single package to provide advanced solutions. For 
example, “Blue Canyon Technologies Inc.” offers XACT, which is an integrated 
0.5U volume attitude control system for CubeSat with a stated pointing 
accuracy of better than 0.007° (1-sigma) for three axes. “Tyvak Nano-Satellite 
Systems, Inc” offers a 0.5U ADCS system which can achieve a high pointing 
accuracy (Poghosyan and Golkar, 2017; Rogan et al., 2015). 
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Active attitude stabilisation involves three parts, attitude sensors (such as star 
trackers, Sun sensors, Earth sensors, and magnetometers), attitude actuators 
(that include momentum wheels, reaction wheels, control moment gyros, 
magnetorquers, and micro-thrusters) and processing system. The attitude 
sensors consist of taking measurements to determine the current spacecraft 
attitude. Actuators are then commanded to correct its attitude or achieve the 
desired orientation. The control law is the mathematical relationship between 
the observations and the computed torques (De Ruiter et al., 2012; Poghosyan 
and Golkar, 2017; Mahdi, 2018). 
To perform any active attitude control, actuators are required to apply 
controlled torques. Different types of actuators exist and can be divided into 
two classes: reaction actuators such as magnetic torquers and thrusters, they 
generate torques, and they are able to change the angular momentum of the 
spacecraft, this torque is considered to be external to the satellite. Whereas 
reaction and momentum wheels, Control Moment Gyroscopes (CMGs) are 
classified as a momentum exchange devices, their generated torque is considered 
as an internal to the spacecraft, the overall angular momentum of the spacecraft 
is not changed in this case (De Ruiter et al., 2012). 
2.1.2.1 Magnetorquers 
Electromagnetic actuators, also called magnetic torquers or magnetorquers, are 
an effective and reliable technology for the magnetic control of Low Earth Orbit 
(LEO) spacecraft. Magnetic torquers operate on the principle of the interaction 
between the magnetic field generated by three orthogonal coils or rods driven 
by commanded current and the Earth’s magnetic field. The interaction of the 
torque with the Earth’s magnetic field causes the coil or the rods to align its 
own magnetic field in the direction of the magnetic field of the Earth (Pulecchi, 
2008). They are used to generate a controlled magnetic moment in all spacecraft 
body axes in the desired direction to achieve the desired attitude (Visagie et al., 
2014). Magnetorquers can only be used in LEO because a magnetic model is 
available near the Earth, and the presence of the Earth’s magnetic field. They 
are usually commanded by Pulse Width Modulation (PWM). 
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The magnetic dipole moment generated (ᵅ�) by a magnetic coil as a function of 
the number of windings (N) in the solenoid or the coil, its area (A), and the 
current (I) which is put through it, is given by (Overlack et al., 2011):  
 ᵅ� = ᵃ�ᵃ�ᵃ� (2.1) 
By the interaction of this dipole (ᵅ�      ) with the Earth’s magnetic field (ᵃ�     ), this 
torque (ᵃ�⃗) is generated (Overlack et al., 2011): 
 ᵃ�⃗ = ᵅ�       × ᵃ�      (2.2) 
Magnetorquers are generally implemented in conjunction with other forms of 
attitude control since they cannot provide three-axis stabilisation control at any 
instant of time. This can be in combination with passive control, such as gravity-
gradient stabilisation (Wang and Shtessel, 1998) or spin stabilisation, or more 
commonly in conjunction with momentum or reaction wheels.  Where the wheels 
provide the actual manoeuvering and pointing torques, and magnetorquers are 
used to unload the secular angular momentum of the wheels (Markley and 
Crassidis, 2014). 
2.1.2.2 Momentum and reaction wheels 
Momentum and reaction wheels are flywheels used for the attitude control 
system to store the angular momentum. They can be used to overcome 
disturbance torques, to absorb cyclic torques, to provide a controlled momentum 
for specific pointing, and to transfer the momentum to the spacecraft body in 
order to execute a particular maneuver. Different types of wheels have been 
described in the literature (Wertz, 1978; Mahdi, 2018):  
Reaction wheels are a type of motorised flywheel used primarily to rotate the 
spacecraft by a very small angle, they are fixed device and operate at zero bias. 
This can be accomplished by equipping the device with an electric motor 
attached to the flywheel, which speeds up or slows down the wheel (Wertz, 
1978). By commanding a reaction wheel, the angular momentum is transferred 
between the wheel and the body. By mounting three reaction wheels with spin 
axes in the different planes, basically, along orthogonal axes of the spacecraft; a 
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torque can be created about any axis of the spacecraft. Reaction wheels provide 
the most accurate and precise attitude control, comparing to the other actuators 
(De Ruiter et al., 2012). Reaction wheels require an additional actuator to 
desaturate the wheel, magnetorquers, and thrusters are generally used to dump 
the angular momentum when the wheel reaches saturation (Mahdi, 2018). 
Unlike microsatellites and bigger classes, three and four axes reaction wheels are 
not widely used in CubeSats due to their price, and power consumption. 
Momentum wheels give the spacecraft a bias or nonzero momentum which 
provides a gyroscopic stiffness effect, and the wheel provides a variable 
momentum storage capability about its rotational axis, which is fixed in the 
vehicle (Wertz, 1978; De Ruiter et al., 2012). 
2.1.2.3 Control Moment Gyroscopes 
Control Moment Gyroscopes also called gyro torquers, they are like momentum 
wheels, except the fact that the spin-axis of the wheel is gimballed (De Ruiter 
et al., 2012). The gimbal ring allows to control the direction of the momentum 
wheel vector in the satellite body, and they can be used to generate controlled 
torques in order to maintain or change the spacecraft's orientation (Wertz, 
1978). Even though control moment gyroscopes have been used in ISS 
(International Space Station), Skylab, Mir, and Salyut, CMGs are not frequently 
used for CubeSats, unlike reaction wheels, due to their computational 
singularity, saturation and high price. 
CMGs are not widely used in CubeSats, they are implemented in SwampSat 
which is a 1U CubeSat launched in 2013, the goal of this mission is to advance 
the TRL (Technology Readiness Level) of CMGs designed for CubeSats and to 
demonstrate on-orbit three axes attitude control stabilisation for CubeSats using 
a pyramidal configuration of CMGs (Herbert, 2016; Asundi and Fitz-Coy, 2013). 
2.1.2.4 Thrusters 
Thrusters are actuators that can be used to generate forces for orbit control or 
torques for attitude control, they have a significant advantage of being 
independent of the gravitational or ambient magnetic field, however thrusters 
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rely on an expendable propellant, meaning that the life of spacecraft using this 
system is limited by the amount of the propellant on board (Markley and 
Crassidis, 2014). Several CubeSat missions were launched over the last 5 years 
carrying propulsion systems including cold gas thruster, vacuum arc thruster, 
pulsed plasma thruster, electrospray, as well as ResistoJet. However, there is 
still significant work to do in order to improve propulsion systems designed for 
CubeSats. Poghosyan and Golkar (2017) surveyed all CubeSat missions carrying 
different type of thrusters up to 2017. The first space-proven CubeSat propulsion 
system was successfully flown on CanX2 in 2008, and it is a Sulfur Hexafluoride 
(SF6) pressurised cold gas thruster flown on the NANOPS (NANOsatellite 
Propulsion System) CubeSat (Selva and Krejci, 2012; Poghosyan and Golkar, 
2017). 
2.2 Alsat-1N Attitude Determination and Control 
System 
Alsat-1N CubeSat is used in all experiments for the magnetic investigation in 
this research, and it is necessary to provide a brief background of Alsat-1N in 
terms of the attitude determination and control system. Alsat-1N, also known 
as Alsat-Nano, is a three-unit CubeSat developed jointly by the Algerian Space 
Figure 2-3: Alsat-1N flight model during integration (left) and 
completed with umbilical (right) (Taylor et al., 2018) 
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Agency (ASAL) and the United Kingdom Space Agency (UKSA) for cost-
effective demonstration of novel and innovative space technologies for future use 
on Nano and small satellite missions. Alsat-1N hosts three payloads (Figure 2-3) 
dedicated to different technologies demonstration. The first is a deployable boom 
developed by Oxford Space System, and it is the world’s most extended 
retractable boom compatible with CubeSats, the second payload is a compact 
CMOS (Complementary Metal–Oxide–Semiconductor) camera demonstrator, 
called “C3D2” and made by Open University, it is a highly customisable camera 
for CubeSats and delivers three fields of view. Finally, a Thin Film Solar Cell 
(TFSC) payload, designed by the Centre for Solar Energy Research (CSER) at 
Swansea University, this payload tests a new cell structure placed directly into 
the small cover glass on a solar panel that is just 0.1 millimetres thick (Taylor 
et al., 2018; Taylor et al., 2017).   
Alsat-1N ADCS module (Figure 2-4) is developed and integrated by the Space 
Vehicle Control group at the Surrey Space Centre (SSC) at Surrey University 
and the Electronic Systems Laboratory (ESL) at Stellenbosch University. The 
control of the Alsat-1N is based on a set of three-axis magnetorquers and a Y-
momentum wheel. The Sensors that are incorporated in this system are three-
axis magnetometer, MEMS (Micro-Electro-Mechanical System) gyroscope, 
coarse Sun sensor using photodiodes, and optical Sun and nadir sensors (Visagie 
et al., 2014; Taylor et al., 2018).  
Figure 2-4: Alsat-1N ADCS components stack (Visagie and Mike-Alec, 2015) 
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2.2.1 Alsat-1N ADCS Control Modes 
The Alsat-1N ADCS has three control modes (Figure 2-5). The first is the high 
initial rate detumbling controller to recover the satellite from the initial tumble 
state, which is up to 100°/s to below 30°/s using the B-dot controller. The 
second mode is the detumbling controller to slow the rate and place the 
spacecraft in a stable tumbling motion and end-up spinning only about the Y-
axis (Y-Thomson spin). In this mode, the spin axis has to be aligned with the 
orbit normal. The third control mode for Alsat-1N is Y-momentum mode, which 
can be activated only once the satellite achieved the Y-Thomson mode. This 
latter control mode de-spins the satellite and stabilises it to the nominal 
orientation (zero in Roll, Pitch and Yaw) (Visagie and Mike-Alec, 2015). 
2.2.1.1 Detumbling Mode 
A B-dot Controller is one of the simplest controllers and widely used for 
magnetic control, it makes use of the Earth’s magnetic field to slow down the 
angular rate of the satellite, consequently, damping of the kinetic energy using 
magnetorquers. It can only be used for detumbling mode.  
The aim of B-dot controller is to reduce the X and Z angular rates to zero from 
high initial rate tumbling after the separation from the launch vehicle. It aligns 
the Y-axis of the spacecraft to the orbit normal (Steyn and Hashida, 1999; Steyn 
and Hashida, 2000). 
Figure 2-5: ADCS control modes (Visagie and Mike-Alec, 2015) 
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The controller is 1Hz control loop which makes use of the measured magnetic 
field (ᵃ� ) and Y angular rate measurement of the spacecraft (ᵱ� ) obtained from 
the MEMS rate sensor (Visagie et al., 2014), this rate can also be estimated 
from successive magnetometer measurements using a Kalman filter (Steyn, 
1995). The calculated magnetic moment vector (ᵅ�         ) will then be induced 
by commanding the magnetorquers with a specific duty cycle of the PWM signal 
at the correct polarity. The control outputs for magnetorquers are given by 
(Visagie et al., 2014): 
 ᵅ�          = [ᵅ�  ᵅ�  ᵅ� ]   (2.3) 
 ᵅ�  = ᵃ� 
ᵃ�ᵯ�
ᵃ�ᵅ�
 (2.4) 
 ᵯ� = arccos 
ᵃ� 
|ᵃ� |
  (2.5) 
 ᵅ�  = ᵃ�  ᵱ�  − ᵱ�  −    sgn(ᵃ� )  for |ᵃ� | > |ᵃ� | (2.6) 
 ᵅ�  = −ᵃ�  ᵱ�  − ᵱ�  −    sgn(ᵃ� )  for |ᵃ� | > |ᵃ� | (2.7) 
where: 
ᵃ�       = [ᵃ�  ᵃ�  ᵃ� ]   is the measured magnetic field vector relative to the 
spacecraft body frame 
ᵯ� is the angle between the satellite Y-axis and the magnetic field vector 
ᵃ�  is the detumbling gain 
ᵃ�  is the spin gain  
ᵱ�  is the measured angular rate of the Y body axis relative to the ECI 
(Earth-Centred Inertial) frame 
ᵱ�  −     is the Y-spin reference angular rate 
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This estimator is required for the high initial rate detumbling controller since it 
only uses measurements directly from the magnetometer, the estimation can be 
done by successive magnetometer acquisitions. However, a direct reading of 
MEMS rate sensor or an estimate of the spacecraft Y-axis angular rate is 
required for the nominal detumbling control mode (Visagie, 2015). 
2.2.1.2 Y-Momentum Mode 
The Y-momentum control mode is used to stabilise the attitude of the spacecraft 
once the Y-Thomson spin motion is reached. To bring the satellite to an 
approximate nadir pointing orientation, the Y-momentum control mode absorbs 
the satellite’s angular momentum by spinning up the Y-momentum wheel. It 
consists of a disc mounted on a brushless DC (Direct Current) motor, the whole 
mass of the wheel is 45g and can provide a maximum torque of 0.23 mNm and 
maximum momentum of 1.7 mNms (Visagie et al., 2014). 
The momentum of the wheel is maintained and is used to control the pitch angle 
of the satellite by using a PD (Proportional Derivative) controller (Equation 
(2.8)) (Visagie et al., 2014). 
 ᵃ�   = ᵃ�   ᵰ� ̂− ᵰ�     + ᵃ�  ᵱ̂�   (2.8) 
where: 
ᵃ�   is the proportional gain 
ᵃ�   is the derivative gain 
ᵰ� ̂ is the estimated pitch angle 
ᵰ�     is the commanded or reference pitch angle 
ᵱ̂�   is the estimated angular rate of the satellite relative to the orbit Y-axis 
The cross-product magnetic controller is implemented to maintain the 
momentum wheel at the reference value and damp the roll and yaw angles 
nutation rates (Equations (2.9)) (Visagie et al., 2014).  
 ᵅ�    =
ᵃ� × ᵃ� 
|ᵃ� |
 (2.9) 
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with  
 ᵃ� =
⎣
⎢
⎡
ᵃ� ᵱ̂�  
ᵃ�  ℎ   − ℎ  −    
ᵃ� ᵱ̂�   ⎦
⎥
⎤ (2.10) 
where: 
ᵃ�  is the nutation damping gain 
ᵃ�  is the momentum control gain 
ℎ  −     is the reference angular momentum 
ᵱ̂�   is the estimated angular rate of the satellite relative to the orbit X-axis 
ᵱ̂�   is the estimated angular rate of the satellite relative to the orbit Z-axis 
The full-state Extended Kalman Filter (EKF) and the TRIAD (TRIaxial 
Attitude Determination) estimators are both used to estimate the current 
attitude angles and rates for the Alsat-1N. The most accurate estimation can be 
obtained using full-state EKF, which makes use of all available sensor 
measurements (Sun and nadir sensors and magnetometer), to estimate the 
current attitude quaternion, and the orbit referenced angular rates (Visagie and 
Mike-Alec, 2015; Visagie et al., 2014). 
TRIAD is one of the simplest algorithms for determining three-axis attitude 
from two or more vector observations, it provides a deterministic solution for 
the attitude based on two vector observations (Shuster and Oh, 1981). However, 
the EKF replaces the Kalman filter to resolve the non-linearity problem of the 
systems, and it uses the current estimate to generate a new reference attitude 
at each observation (Julier and Uhlmann, 2004; Psiaki et al., 1990). 
A full knowledge of angles and rates is required for the Y-momentum mode. 
This estimation makes use of the velocity and the current position of the 
satellite. This information can be estimated using an SGP4 (Standard General 
Perturbations Satellite Orbit Model 4) orbit propagator (Vallado and Crawford, 
2008) which has to be initialised by an updated TLE (Two Line Element) 
provided from the ground (Visagie and Mike-Alec, 2015; Visagie, 2015; Visagie 
et al., 2014). 
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2.3 Problems and Challenges of CubeSats’ Attitude 
Determination and Control System 
Although designing and developing any attitude determination and control 
system is complicated regardless the size of the spacecraft, this mission becomes 
a more significant challenge for nanosatellites owing to its limitations in terms 
of size, weight and power (Kikugawa, 2014). Moreover, almost all nanosatellites 
suffer from the unwanted magnetic moment, which is the dominant source of 
attitude disturbances (Inamori et al., 2011a; Quadrino, 2014; Inamori et al., 
2011b). However, for the other typical attitude disturbance sources of spacecraft 
(gravity gradient torque, aerodynamic torque, and solar radiation pressure 
torque) the effect of these disturbances decreases significantly when the satellites 
become small (Shin-ichiro et al., 2008).  
2.3.1 Hardware Limitations 
CubeSats suffer from their size and usage of COTS. Most COTS are not space-
qualified components and imply a high risk of susceptibility to the space 
environment and mission failure. A smaller satellite means less volume, less mass 
for sensors and actuators, as well as less power for hardware and algorithms 
processing (Quadrino, 2014; Rogan et al., 2015; Selva and Krejci, 2012). CubeSat 
community have to raise this challenge and design reliable, efficient, less power 
consuming hardware, and fit the requirements of CubeSats. Another constraint 
of CubeSats is that they cannot afford space standard testing facilities to 
thoroughly test and qualify the spacecraft (Selva and Krejci, 2012).  
2.3.2 Attitude Disturbance Torques 
As CubeSats have very small moments of inertia and are usually operating in 
the vicinity of Earth, it is found that internal magnetic moments dominate over 
other environmental factors (e.g. gravity-gradient, aerodynamic and Solar 
radiation pressure torques) in terms of producing unwanted attitude 
disturbances. This is due to the Earth’s magnetic field, which interacts with any 
residual magnetic field of the spacecraft that results in a net magnetic dipole 
moment (De Ruiter et al., 2012; Inamori et al., 2009; Inamori and Nakasuka, 
2008; Inamori et al., 2013). Therefore, it is difficult to achieve precise attitude 
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control for nanosatellites because of the effects of environmental disturbances 
that are stronger because of the smaller moment of inertia in nanosatellites. 
Specifically, magnetic disturbances are dominant in small satellite missions 
(Inamori et al., 2009; Inamori et al., 2012). 
Space environment disturbances consist of the geomagnetic field, gravity 
gradient, aerodynamics and solar radiation pressure. The magnitudes of these 
torques depend on the altitudes of the spacecraft, its mass distribution, shape, 
surface, atmosphere density, solar activity, and the magnetic properties of the 
spacecraft (You, 2017). The effect of magnetic disturbances has shown itself by 
the problem of high tumbling rates (Figure 2-6) observed on several CubeSat 
missions. Post-flight analyses indicate this is due to un-modelled dynamically 
changing magnetic moments mainly caused by the current flowing in the 
spacecraft – both in the wiring harness and in the layout of the solar panels. 
Some CubeSats also carry permanent magnets – e.g., for electric motors – often 
used in the ADCS systems for momentum wheels. However, the other typical 
attitude disturbance sources for spacecraft decrease significantly when the 
satellites become small (Shin-ichiro et al., 2008). 
Figure 2-6 shows an example of high tumbling rates of the Alsat1-N CubeSat, 
observed in-orbit over 30 minutes estimated using EKF, without activating any 
control mode. 
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Figure 2-6: Alsat-1N angular velocity estimation (°/s) 
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2.3.2.1 Magnetic Disturbance  
The magnetic disturbance for the spacecraft in the vicinity of the Earth (LEO) 
that results from the interaction between the residual magnetic dipole moment 
of the satellite and the Earth’s magnetic field dominates over other 
environmental disturbances (gravity-gradient, aerodynamic and Solar radiation 
pressure torques) due to the Earth’s magnetic field which interacts with any 
residual magnetic field of the spacecraft which results in a magnetic dipole (Ley 
et al., 2009; Moskowitz and Lynch, 1964; De Ruiter et al., 2012; Inamori et al., 
2009; Inamori and Nakasuka, 2008). 
Busch et al. (2015) stated in “UWE-3, in-orbit performance and lessons learned 
of a modular and flexible satellite bus for future pico-satellite formations” that 
the attitude of UWE-3 (Universität Würzburg's Experimental Satellite), which 
is a 1U CubeSat, is dominated by the interaction of the inherent residual 
magnetic dipole with the Earth's magnetic field. The dipole is estimated to be 
equal to [-0.001, 0.012, 0.045]Am2, this value is obtained using the Isotropic 
Kalman Filter (IKF). The UWE-3 ADCS team could not counter this dipole in 
orbit (Busch et al., 2015; Reichel et al., 2013). 
The primary sources of current loops in CubeSats that generate a dynamic 
magnetic moment in the spacecraft are from the harness of the spacecraft and 
from the layout of the solar panels. The current flowing in the solar panels (i.e. 
the cells and their associated wiring) generates a residual magnetic field due to 
the resulting current loops. Several methods are available in the literature, which 
can reduce these current loops (Stern and DeLapp, 2004), including placing 
tracks of opposite current flow next to one another or laying them on top of one 
another in a multi-layer printed circuit board. The battery generates a current 
loop that causes some dipole change when changing the charge or discharge rate 
of the batteries (DeKock et al., 2011), but this usually does not have a significant 
effect compared to other sources. 
Many CubeSats use magnetorquer coils and solenoids to deliberately provide the 
required torque to control the attitude of the spacecraft. This controlled 
generation of a magnetic dipole is not a problem – it can only be an issue if the 
dipole is unexpected or uncontrolled. However, one consequence of the actuation 
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of magnetorquers could be that any magnetically permeable material on board 
the satellite becomes magnetised, leaving unwanted residual dipole moment. For 
this reason, magnetorquer solenoids should make use of low-remanence 
ferromagnetic cores, such as Supra-50 alloy (Miller, 2013). 
Materials which retain their magnetism and are challenging to magnetise or 
demagnetise are called hard magnetic materials. They have a large hysteresis 
and low permeability. In contrast, soft magnetic materials have a low hysteresis 
and a large magnetic permeability and thus respond very sensitively to the 
presence of an external magnetic field – they are easy to magnetise and 
demagnetise. Therefore, the use of hard ferromagnetic or (preferably) non-
ferromagnetic materials, such as some forms of stainless steel (e.g. 304 or 316 
alloy), aluminium, copper or titanium, are recommended for spacecraft magnetic 
cleanliness, whereas soft magnetic materials such as iron, nickel and mild steel 
are not (Lassakeur and Underwood, 2019; Pudney, 2014). 
The presence of any permanent magnetic material in the spacecraft generates a 
permanent source of the magnetic dipole moment in the spacecraft, which does 
not vary over time. This source should be known and taken into account by the 
ADCS and ideally countered on the ground. Some CubeSats use such permanent 
magnets to provide the primary form of the attitude control system. When 
coupled to a dissipative mechanism (such as a fluid loop or simply due to eddy 
current formation), the magnetic dipole becomes permanently aligned (locked) 
with the Earth’s field, thus, making the magnetic dipole axis of the spacecraft 
track the Geomagnetic field direction. Without the dissipative mechanism, the 
system will not settle. 
2.3.2.2 Gravity Gradient Disturbances  
Any non-symmetrical satellite considered as a rigid body is subject to a gravity-
gradient torque in orbit. This disturbance can be determined by summing the 
contributions of the gravitational forces on the all point masses constituting the 
spacecraft. Satellites tend to align their longitudinal axis with the nadir-zenith 
direction, due to this disturbance torque. This is a constant disturbance torque 
in orbit for Earth-oriented spacecraft, and it is typically influenced by the 
spacecraft moment of inertia and the orbit altitude (Markley and Crassidis, 
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2014; Kluever, 2018). The equation of gravity gradient torque is given by 
(Wertz, 1978; You, 2017; De Ruiter et al., 2012):  
 ᵃ� ⃗  =
3ᵰ�
 ᵃ�        
 ᵃ�   ×    ∙ ᵃ�     (2.11) 
where: 
ᵃ� ⃗  is the gravity gradient torque 
ᵰ�  is the Earth's gravitational constant 
ᵃ�       is the distance from the centre of the Earth to the centroid of the satellite 
ᵃ� ᵅ�  is a unit vector that points from the centre of the Earth to the centroid 
of the satellite 
  is the moment of the inertia matrix of the satellite 
2.3.2.3 Aerodynamic and Solar Radiation Pressure 
Disturbances  
For satellites in low-Earth orbit, the aerodynamic disturbances are produced by 
the Earth’s upper atmospheric particles that collide with the spacecraft. The 
aerodynamic torque is mainly influenced by the spacecraft geometry, the 
position of the centre of gravity and the altitude of the satellite (Udrea et al., 
2013; You, 2017), and also on the position of the centre of pressure relative to 
the centre of mass of the spacecraft (Wertz, 1978; Clark et al., 1971). 
For non-symmetrical satellites (almost all of them), the incident radiation causes 
pressure on the intercepted surface. It is primarily influenced by the spectral 
distribution intensity of the incident radiation, spacecraft geometry and its 
optical properties (surface reflectivity), the Sun vector orientation relative to 
the spacecraft and the position of the centre of gravity of the spacecraft. The 
sources of electromagnetic radiation pressure are mainly solar illumination, the 
solar radiation reflected by the Earth and its atmosphere known as the Earth's 
albedo, and the radiation emitted from the Earth and its atmosphere. However, 
direct solar radiation pressure is the dominant source, it is generally the only 
perturbation considered over other radiations. The force generated by the solar 
wind is also negligible compared to the force generated by solar radiation 
pressure (Wertz, 1978; Chobotov, 2002). 
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Due to the CubeSats size, aerodynamic and solar radiation pressure disturbances 
are insignificant comparing to gravity gradient and magnetic disturbances (Ley 
et al., 2009; Moskowitz and Lynch, 1964; De Ruiter et al., 2012; Inamori et al., 
2009; Inamori and Nakasuka, 2008). 
2.4 Conclusion 
As discussed in the chapter attitude control of nanosatellites can be active and 
requires three-axis stabilisation with high accuracy requirement. Unfortunately, 
it is difficult to achieve precise attitude control for this class of satellites because 
of their size constraints, usage of COTS, and the effects of environmental 
disturbances that are stronger because of the smaller moment of inertia in 
nanosatellites, mainly, magnetic disturbances that is produced by the use of 
magnetic materials and current-loop areas in cabling and solar panels. However, 
for the other typical external attitude disturbance sources (gravity gradient 
torque, aerodynamic torque, and solar radiation pressure torque) the amount of 
these disturbances decreases significantly when the satellites become small. 
Therefore, measures must be engaged to reduce current loops by good design 
practice and avoid the use of materials and components with significant 
magnetic dipole moments since currents loops and magnetised materials will 
increase substantially undesirable magnetic effects and place additional loads on 
the attitude control system of the spacecraft. Ideally, any residual should be 
characterised then cancelled first on the ground and then in-orbit to improve 
the attitude stability of nanosatellites.  
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CHAPTER 3 
3 Residual Dipole Moment 
Characterisation and Mitigation of 
Nano-Satellites – State-of-the-Art 
We present in this chapter the theory of magnetism in materials and magnetic 
materials, the effect of magnetic fields on materials, the magnetic field and 
Maxwell’s equations, that are the equations governing the electromagnetic 
phenomena. We describe the magnetic dipole moment generated by current 
loops and magnetic materials in the presence of an external field and then we 
present the existing methods of the spacecraft’s residual dipole moment 
determination in the literature. And finally, we discuss the on-orbit residual 
magnetic moment estimation and mitigation methods available in the literature 
for nanosatellites.  
3.1 Magnetism and Magnetic Field 
A magnetic field can be described as the magnetic influence of electric charges 
in relative motion and magnetised materials. The effects of magnetic fields are 
generally observed in permanent magnets, which attract or repel other magnets 
and attract magnetic materials (e.g. iron) (Young and Freedman, 2015). 
Magnetism is a phenomenon associated with the movement of electric charges 
that can take many forms, it can be charged particles moving through space, or 
the motion of an electron in an atomic orbital and how they interact with one 
another. The origin of magnetism comes from the magnetic moment of atoms 
that originates from moving electrons. The magnetic moment of atoms is 
determined by a fundamental property of the electrons’ angular momentum L, 
associated with their orbital motion, and the spin or intrinsic angular 
momentum S. The atomic magnetic moment in magnetic materials is mostly 
given by the spin of electrons, rather than their orbital motion. The different 
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types of magnetism are described in how materials respond to the presence of a 
magnetic field (Stefanita, 2012; Kelly, 2015; Jakubovics, 1994). 
In electromagnetics, the term “magnetic field” is denoted by the symbols H and 
B. H refers to the magnetic field strength and measured in ampere per metre, 
while B is named magnetic flux density, it is measured in tesla or Newton per 
metre per ampere. B and H differ in how they account for magnetisation. For 
instance, considering the externally applied magnetisation (M) to the material, 
(B) is the resulting induced magnetic flux density and (H) is the applied 
magnetising field strength (Considine and Considine, 2013). E refers to the 
electric field generated by an electric charge, that exerts a force on other electric 
charges in the field, attracting or repelling them. It can be expressed in volt per 
metre (V/m) or Newtons per Coulomb (N/C) (Purcell and Morin, 2013). The 
magnetic field that is defined in Maxwell’s equations in vacuum and the Biot–
Savart law is B (Coey, 2010).   
The magnetic field (magnetic flux density) (ᵃ�     ) in terms of the magnetic vector 
potential (ᵃ�)⃗ can also be defined, such that (Pudney, 2014): 
 ᵃ�      = ᵯ� × ᵃ� ⃗ (3.1) 
3.1.1 Maxwell’s Equations and Ohm's Law 
The magnetic field of spacecraft obeys Maxwell's equations everywhere in space 
(Eichhorn, 1972). They are the equations governing the electromagnetic 
phenomena, and they are published between 1861 and 1862. They are written 
in the International System of units (SI) form, in the vectorial in free space form 
as follows (Jackson, 1999; Griffiths, 2012; Pudney, 2014; Knoepfel, 2008; Coey, 
2010; Miyazaki and Jin, 2012; Lorrain et al., 1996): 
 ᵯ� ∙ ᵆ�        = ᵰ�  (3.2) 
 ᵯ� × ᵆ�      = ᵆ� ⃗ +
ᵱ�ᵆ�       
ᵱ�ᵅ�
 (3.3) 
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 ᵯ� × ᵃ�⃗ = −
ᵱ�ᵃ�     
ᵱ�ᵅ�
 (3.4) 
 ᵯ� ∙  ᵃ�      = 0 (3.5) 
where: 
ᵃ�     is the magnetic field strength or magnetic intensity [A/m] 
ᵃ�      is the magnetic flux density or the magnetic induction [T or Wb/m2] 
ᵃ�⃗ is the electric field strength [V/m] 
ᵃ�       is the electric displacement vector or the electric flux density [C/m2] 
         
    is the displacement current 
ᵃ�  ⃗ is the current density (related to the transport of free electric charges) 
[A/m2] 
ᵅ� is time [s] 
ᵰ�  is the local electric charge density [C/m3]. 
For external sources in free space, ᵆ�        = ᵱ� ᵆ�     and ᵆ�       = ᵰ� ᵆ�     , and the first two 
equations then become: 
 ᵯ� ∙  ᵃ�⃗ =
ᵰ� 
ᵱ� 
 (3.6) 
 ᵯ� × ᵃ�      = ᵰ� ᵃ� ⃗+ ᵰ� ᵱ� 
ᵱ�ᵃ�⃗
ᵱ�ᵅ�
 (3.7) 
where: 
ᵃ�      is the magnetic flux density or the magnetic induction [T or Wb/m2] 
ᵃ�⃗ is the electric field strength [V/m] 
ᵃ�  ⃗ is the current density (related to the transport of free electric charges) 
[A/m2] 
ᵰ�  is the local electric charge density [C/m3] 
ᵅ� is time [s] 
ᵱ�  is the permittivity of free space or electric constant (8.854 ∙10-12) [F/m] 
ᵰ�  is the permeability of free space (4 ᵰ� ∙ 10-7) [H/m] or [T ∙ m/A] 
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Three more equations as a function of the relative permittivity ᵱ�  and the 
relative permeability ᵰ�  are required to make a general solution possible. These 
equations are known as constitutive equations or Ohm's law. The entities ᵱ�  and 
ᵰ�  that characterise the medium, are a function of various parameters such as 
the temperature, or even H itself (Knoepfel, 2008; Coey, 2010; Griffiths, 2012): 
 ᵆ� ⃗ = ᵰ�ᵆ�     =  
ᵆ�    
ᵰ�
 (3.8) 
 ᵆ�       = ᵰ� ᵰ� ᵆ�      (3.9) 
 ᵆ�        = ᵱ� ᵱ� ᵆ�     (3.10) 
where: 
ᵃ�     is the magnetic field strength or magnetic intensity [A/m] 
ᵃ�      is the magnetic flux density or the magnetic induction [T or Wb/m2] 
ᵃ�⃗ is the electric field strength [V/m] 
ᵃ�       is the electric displacement vector or the electric flux density [C/m2] 
ᵃ�  ⃗ is the current density (related to the transport of free electric charges) 
[A/m2] 
σ is the electrical conductivity [Ω-1m-1] 
ᵰ� is the electrical resistivity [Ωm] 
ᵱ�  is the permittivity of free space or electric constant (8.854 ∙10-12) [F/m] 
ᵰ�  is the permeability of free space (4 ᵰ� ∙10-7) [H/m] or [T ∙ m/A] 
ᵱ�  is the relative permittivity [F /m] 
ᵰ�  is the relative permeability [H/m]. 
Maxwell’s equations define both the magnetic field (magnetic flux density) (B) 
and the electric field (E) and their relationship to one another. Maxwell’s 
equations are also known as the Gauss’s law for equations (3.6) and (3.2), 
Faraday’s law for Equation (3.4) while equations (3.7) and (3.3) refer to 
Ampère-Maxwell’s laws, and finally Equation (3.5) is known as Gauss-Faraday 
law (Griffiths, 2012; Pudney, 2014; Knoepfel, 2008; Coey, 2010; Christopoulos, 
2007). 
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The entities ᵃ�  and ᵰ�  in the previous differential equations can be considered as 
the sources that define the electromagnetic fields B, H, E, D. They are related 
by the current conservation equation (Jackson, 1999; Coey, 2010; Griffiths, 
2012). This equation is obtained by taking the divergence of Equation (3.3) and 
using Equation (3.2) and the fact that divergence of a curl is zero (Griffiths, 
2012): 
 ᵯ� ∙ ᵆ� ⃗ = − ᵱ�ᵰ� 
ᵱ�ᵅ�
 (3.11) 
where: 
ᵃ�  ⃗ is the current density (related to the transport of free electric charges) [A/m2] 
ᵰ�  is the local electric charge density [C/m3] 
ᵅ� is time [s] 
3.1.2 The Effect of Magnetic Fields on Materials 
As a result of Einstein's theory of “the electrodynamics of moving bodies” 
(Einstein, 1905),  magnetism and electricity are fundamentally interlinked, and 
this phenomenon is known as electromagnetism theory (Griffiths, 2012). 
As seen in Equation (3.9), B and H in vacuum are related by (Jakubovics, 1994): 
 ᵆ�       = ᵰ� ᵆ�      (3.12) 
The magnetic field strength (H) and the magnetic flux density (B) are always 
parallel to each other in free space. However, in the presence of magnetic or 
ferromagnetic material in a magnetic field, this material acquires a dipole 
moment that depends to its volume, its physical characteristics and its current 
if it is an electrical wire (Jakubovics, 1994). 
Magnetisation (M) of the material is related to B and H and can be defined as 
being its net magnetic dipole moment per unit volume (Am-1), and this equation 
is a generalisation of Equation (3.12) (Jakubovics, 1994; Knoepfel, 2008): 
 ᵆ�       = ᵰ� (ᵆ�      + ᵆ�        ) (3.13) 
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We are considering an electrical wire loop of area (S), with an external magnetic 
induction (B) passing through it. If the field (B) is perpendicular to the plane 
of the wire loop, a magnetic flux (ᵱ�) (expressed in Weber [Wb]) is generated and 
passing through the loop, and it is given by the following equation. An electrical 
torque called a magnetic dipole is then produced by the magnetic interaction 
mentioned above between B and ᵱ� (Jakubovics, 1994). 
 ᵱ� = ᵃ�  (3.14) 
If the magnetic induction (B) is not perpendicular to the wire loop, then the 
magnetic flux ᵱ� is expressed by (Jakubovics, 1994) : 
 ᵱ� = ᵃ�  cos ᵰ� (3.15) 
where: 
ᵰ�  is the angle between the B direction and the perpendicular to the plane of 
the wire loop.    
3.2 Magnetic Materials   
The sources of any magnetic contamination of spacecraft come from any part 
that can be considered to behave like a small static magnet, due to the material 
properties and its magnetisation. Magnetised materials and electrical currents 
produce current loops that exert undesirable magnetic torques on spacecraft 
(Rauschenbach, 2012). Faraday’s discovery of electromagnetic induction 
provides the principle for understanding magnetism (Pudney, 2014). The 
quantum mechanical description of the atomic magnetic dipole moments origin 
offers the basis for understanding the magnetic phenomena, including the 
magnetic response of materials (McHenry and Laughlin, 2012).  
Materials that generate a magnetic field when an external magnetic flux density 
is applied to those materials are classified as magnetic materials. However, 
commonly used permanent magnets that are made of magnetic materials possess 
a magnetic moment, and they attract and repel each other (depending on their 
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relative orientations) without even an external magnetic field (Matsushita, 2013; 
Jakubovics, 1994). The response of a specific material to the presence of an 
external magnetic flux density falls into one of these five phenomenological 
classes: paramagnetism, diamagnetism, ferromagnetism, antiferromagnetism 
and ferrimagnetism. Antiferromagnetism and ferrimagnetism classes are both 
weakly magnetic and rather complicated (Kelly, 2015; Griffiths, 2012). Both 
relative susceptibility and relative permeability are used to differentiate between 
classes of materials (Stefanita, 2012). 
3.2.1 Paramagnetism 
Materials that their relative permeability are slightly greater than one, and their 
magnetic field strength decreases with increasing temperature are known as 
paramagnetic materials, this class is considered as non-magnetic materials. A 
weakly induced magnetisation parallel to the field is produced when an external 
magnetic field is applied to a paramagnetic material. Unlike diamagnets, the 
induced magnetisation, which is proportional to the external field stays positive. 
Example of paramagnetic material are aluminium, platinum, palladium, or 
elements like sodium, potassium, and oxygen. Ferromagnets become 
paramagnetic above the Curie point temperature (Stefanita, 2012; Bansal, 2006; 
Kelly, 2015; Matsushita, 2013; Della Torre, 2000).  
3.2.2 Diamagnetism 
Materials that their atoms and molecules have no magnetic moment in the 
absence of an applied external magnetic field are referred to as diamagnetic 
materials. A magnetic field is induced, when an external magnetic field is applied 
to diamagnetic materials. (Bansal, 2006; Tipler and Llewellyn, 2012). Many 
metals such as copper, silver and gold and most non-metals are diamagnetic. 
The magnetisation of a diamagnetic material is proportional to the external 
magnetic field, and they have a very weak and negative relative susceptibility. 
Their permeabilities are slightly less than one (Stefanita, 2012; Reis, 2013; 
Cullity and Graham, 2011). 
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3.2.3 Ferromagnetism 
Ferromagnetic materials are known as the most important magnetic materials 
in electrical engineering. They are paramagnetic materials, but with strong 
interactions between atoms or molecules. The magnetic moments of atoms in 
ferromagnetic materials are aligned in the same direction (Bansal, 2006; 
Matsushita, 2013). Ferromagnetic materials contain spontaneously magnetised 
magnetic domains, even in the absence of the external magnetic field, as long as 
the temperature is not too high, microscopic, mesoscopic, and macroscopic 
regions of ferromagnets show a significant magnetisation, it is known as 
spontaneous magnetisation (Kelly, 2015; Stefanita, 2012; Lorrain et al., 1996). 
Table 2 shows the magnetic properties of some commonly used materials 
showing their relative permeability (µr) and classified by type of materials. 
Table 2: Magnetic properties of some commonly used materials (Bansal, 2006) 
Material 
Relative 
permeability  
Type of Material 
Silver 0.9999976 Diamagnetic 
Copper 0.99999 Diamagnetic 
Gold 0.99996 Diamagnetic 
Water 0.9999901 Diamagnetic 
Aluminium 1.000021 Paramagnetic 
Moly permalloy 100 Ferromagnetic with air 
Ferrite 1000 Ferrimagnetic (E.g. NiO.Fe2O3) 
Nickel 600 Ferromagnetic 
Steel 2000 Ferromagnetic 
Iron (0.2 impurity) 5000 Ferromagnetic 
Purified iron (0.05 impurity) 2 x 105 Ferromagnetic 
Supermalloy As high as 106 Ferromagnetic 
Historically, ferromagnetic materials have been considered the only “magnetic 
materials”; however, this interpretation has recently changed, as many other 
types of materials respond to a magnetic field to a certain extent (Stefanita, 
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2012). The manifestation of magnetism in solids known as the spontaneous 
magnetisation of ferromagnetic materials; such as iron; is usually associated with 
hysteresis phenomenon. James Ewing first studied it and named by him in 1881 
(Coey, 2010). 
Ferromagnetic materials are characterised by the irreversible nonlinear response 
of materials magnetisation (M) to an applied external magnetic field (H) (M 
and H are both expressed in [Am-1]). This response is symbolised by the 
hysteresis loop (Figure 3-1) (Coey, 2010; Miyazaki and Jin, 2012; Bansal, 2006). 
The shape of the hysteresis loop depends on the strength of the applied field, as 
well as its frequency. It looks like an ellipse for small field strengths (Bansal, 
2006). 
H is the externally applied field, and M is the resultant induced field in the 
material. The retentivity or remanence (ᵃ� ) is the ability for the material to 
retain some of its magnetism after stopping the magnetisation process, while the 
amount of the magnetic field remaining in the material is called residual 
magnetic field. The coercivity (ᵃ� ) also called the coercive field, or coercive 
force is the magnetising force which must be applied to counter the residual flux 
density. Finally, ᵃ�  is the saturation state reached by the ferromagnetic 
material during the magnetisation process (Coey, 2010; Roozeboom et al., 1998). 
Figure 3-1: Typical hysteresis loop for a ferromagnetic material (Bansal, 2006) 
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3.2.4 Soft and Hard Magnetic Materials 
Materials are magnetically divided into two typical classes, soft and hard 
magnetic materials. Soft magnetic materials (Figure 3-2 (a)) have very narrow 
loops, they are very sensitive to the presence of an external magnetic field, and 
they have a large magnetic permeability, this means that they can easily be 
magnetised producing temporary a strong magnetic field and readily losing their 
magnetisation as soon as the field is removed. On the other hand, hard magnetic 
materials (Figure 3-2 (b)) have wide square hysteresis loops ᵃ�(ᵃ�) and require 
a very large external magnetic field (H) before they become magnetised. Hard 
magnetic materials are suitable for permanent magnets since they remain in a 
magnetised state when the field is removed after being magnetised by applying 
a field ᵃ� ≥ ᵃ�  necessary to saturate the magnetisation process (Coey, 2010; 
Pudney, 2014; Jakubovics, 1994).  
The hysteresis curve in Figure 3-2 illustrates the difference between soft and 
hard magnetic materials. Where H is the externally applied field, and M is the 
resultant induced field in the material. Soft materials respond more sensitively 
to the external field, while a large external field is required to influence the 
domains in a hard-magnetic material. 
Figure 3-2: Magnetic hysteresis curve of soft and hard magnetic materials 
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Hard magnetic materials are generally characterised by low initial permeability, 
and high coercive force (ᵃ� ) and retentivity (ᵃ� ), this type of materials is 
typically used for permanent magnet applications or disk media. While soft 
magnetic materials have a large magnetic permeability and respond very 
sensitively to the presence of an external magnetic field, they are characterised 
by low coercivity (ᵃ� ) and retentivity (ᵃ� ) (Coey, 2010; Hadjipanayis, 2012). 
3.3 Magnetic Dipole Moment 
The magnetic dipole is one of the fundamental elements in magnetism. It can 
be represented as a pair of opposite electric charges of equal magnitude 
(Figure 3-3 (a)) or a magnet (Figure 3-3 (b))(Furlani, 2009). According to 
Ampère, a magnetic dipole moment can be considered as an equivalent to a 
circulating electric current known as a current loop (Figure 3-4). A magnetic 
dipole has a magnetic dipole moment (m), in the Sommerfeld convention 
(International Standard (SI)) m is measured in Am2, while in the Kennelly and 
CGS systems it is expressed in Wb·m and emu, respectively (1emu =4π×10-10 
Wb·m) (Coey, 2010; Bansal, 2006; Fischer, 2016; Furlani, 2009).  
 
 
N 
S 
Figure 3-3: Illustration of the electric and the magnetic dipole 
(a) A pair of equal and opposite 
electric charges (b) Permanent magnet 
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For a current loop of vector area A [m2], and the flowing current is I [A], the 
magnetic moment of the loop, m [Am2] is defined as following (Coey, 2010; 
Bansal, 2006; Fischer, 2016): 
 ᵅ� = ᵃ�ᵃ� (3.16) 
By convention, the relation between the directions of the dipole (ᵅ�) and the 
current (I) is determined by the right-hand corkscrew rule. The shape of the 
current loop is unimportant provided that the current flows in a plane (Coey, 
2010). 
If this current loop is situated in an external uniform magnetic field of magnetic 
flux density (ᵃ�     ), the torque (ᵃ�⃗) [Nm] on the loop resulting from magnetic forces 
on its elements is given by (Bansal, 2006; Kelly, 2015): 
From the spacecraft perspective, the magnetic torque (ᵃ�⃗) (Figure 3-5) can be 
defined as the torque applied to the spacecraft, ᵅ�       is the magnetic dipole moment 
of the spacecraft, and ᵃ�      in the Earth’s magnetic field. 
 ᵃ�⃗ = ᵅ�       × ᵃ�      (3.17) 
       
       I 
Figure 3-4: Illustration of a current loop 
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3.4 Geomagnetic Field Model 
The geophysical environment is studied experimentally through data obtained 
by ground stations, aircraft, space vehicles and ships (Jursa, 1985). The Earth’s 
magnetic field (Figure 3-6) represents the dominant geophysical environment. 
The International Geomagnetic Reference Field (IGRF) is the principal model 
for determining the near-magnetic field of the Earth for up to 25,000km altitudes 
(Hastings and Garrett, 2004). 
Figure 3-6: Earth's Magnetosphere (Holly, 2011) 
Solar Wind 
Figure 3-5: Illustration of the magnetic torque on a current loop 
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The Earth’s magnetosphere is the area of space around the Earth (Figure 3-6) 
that is dominated by the planet's magnetic field. The shape of the 
magnetosphere of the Earth is affected by being blasted by the solar wind that 
compresses its sunward side to a distance of 6 to 10 times the Earth’s radius. 
Solar wind particles are slowed and heated at the bow shock and in the 
Magnetosheath at the detour around the Earth. The extension of the 
magnetosphere is known as the Magnetotail. The Earth's magnetosphere is a 
highly dynamic environment and responds dramatically to solar variations 
(Holly, 2011; Merrill and McElhinny, 1983). 
The geomagnetic field (B) is composed of three different components, the crustal 
field, the core field and the external field (Jursa, 1985). The crustal field 
originates from the region between the core-mantle interface and the surface of 
the Earth and results from the induced magnetisation of ferromagnetic materials 
below the Curie point (the temperature above which, materials lose their 
permanent magnetic properties). The core field is the dominant field of the 
Earth's surface, and it is mainly due to the convective motion of the conducting 
fluid in the internal core of the Earth. For analytical purposes, the crustal and 
core fields are generally combined and referred to as the main or the internal 
field (B). It dominates at LEO and represents for more than 99% of the 
geomagnetic field (B). However, the external field, accounts 1% of the field at 
LEO altitudes, it is primarily due to extra-terrestrial sources,  mainly the solar 
wind and the ring current (Hastings and Garrett, 2004). 
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Figure 3-7: Geomagnetic-field elements (Hastings and Garrett, 2004)  
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Figure 3-7 illustrates the seven geomagnetic-field quantities, called magnetic 
elements used to specify the geomagnetic field. As for spatial vectors, three 
independent elements (E.g. [X, Y, Z] or [H, D, Z]) are required to define the B 
field (Jursa, 1985; Hastings and Garrett, 2004; Langel and Hinze, 1998). For 
satellites operating in LEO, the most appropriate system to use is either the 
geomagnetic coordinate system or geocentric (also known as geographic).   
These systems are based on the spherical coordinates, and they are schematically 
defined in Figure 3-8 (Jursa, 1985; Hastings and Garrett, 2004). 
The geographic coordinate system based on the Greenwich prime meridian 
corresponds to the geocentric (longitude/latitude) system. The Geomagnetic 
coordinate system is similar to the geocentric system, but the North Pole passes 
near the geomagnetic pole at 78.5° latitude and 291.1°E longitude.  
The longitude in Geomagnetic coordinates is measured from the great circle 
passing through the geomagnetic and geographic poles (Hastings and Garrett, 
2004). Descriptions of other coordinate systems are presented in (Jursa, 1985). 
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Figure 3-8: Geomagnetic and geographic coordinates (Hastings and Garrett, 2004) 
  
 
- 57 - 
 
 
The magnetic field intensity ᵃ�(ᵃ� , ᵃ�  ,ᵃ�  ) induced by the dipole moment 
(m) at the point (ᵅ�, ᵰ� , ᵱ� ) in the geomagnetic coordinate system (Figure 3-8), 
is given by the following expressions (Hastings and Garrett, 2004; Kivelson, 
1995; Das et al.; Walt, 2005): 
 ᵃ�  =  
ᵅ�
ᵅ� 
  3cos (ᵰ� ) + 1 =  ᵃ�   + ᵃ�  
  (3.18) 
The radial and azimuthal magnetic fields (ᵃ� , ᵃ�  ) as a function of the dipole 
moment (m) can be described as: 
 ᵃ�  = −2 
ᵅ�
ᵅ� 
  cos ᵰ�  (3.19) 
 ᵃ�   = −  
ᵅ�
ᵅ� 
  sin ᵰ�  (3.20) 
 ᵃ�   = 0 (3.21) 
where: 
r  is the radial distance from the centre of the Earth 
ᵰ�  is the magnetic colatitude or inclination  
ᵱ�  is the east longitude or azimuth. 
Equation (3.18) is only valid for the idealised configuration of a centred dipole. 
Bi is found to have a maximum value of 60µT near the polar ice cap and a 
minimum amount of 30µT near the equator at the Earth’s surface (Hastings and 
Garrett, 2004). This representation of the geomagnetic dipole model (Equation 
(3.18)) is not highly accurate, due to the solar wind and the effect of 
the interplanetary magnetic field. Complex models exist in the literature but 
much more accurate that incorporates solar effects such as the International 
Geomagnetic Reference Field and the Tsyganenko Magnetic Field Models (Walt, 
2005; Kivelson, 1995; Tsyganenko, 1995; Hastings and Garrett, 2004). 
IGRF models have been developed and maintained by the International 
Association of Geomagnetism and Aeronomy (IAGA) since 1965 to represent 
the Earth magnetic field, and are now in their twelfth generation. This standard 
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is widely used and adopted by most spacecraft. IGRF models are the product of 
a collaborative effort between modellers of the Earth’s magnetic field, the 
institutes in charge of collecting and disseminating magnetic field data from 
operational spacecraft as well as observatories and surveys around the world 
(Thebault, 2014; Hastings and Garrett, 2004; Thébault et al., 2015; Dumond 
and Berg, 2012; Capderou, 2005). By measuring the magnetic field in several 
points at a given distance from the surface of the Earth, IGRF model uses 
spherical harmonic modelling to predict the Earth’s magnetic field at any point 
on the surface or situated at a higher distance from the Earth (Dumond and 
Berg, 2012). 
IGRF models are represented by a series of mathematical models of the internal 
Earth’s magnetic field ᵃ�     (ᵅ�, ᵰ�, ᵱ�, ᵅ�) and its annual secular rate of change 
(Equation (3.23)). The magnetic field On and above the surface of the Earth, ᵃ�       
can be defined in terms of a magnetic scalar potential (ᵃ� ) (Equation (3.22)), 
where (V) is approximated by the infinite series in spherical polar coordinates 
(Thebault, 2014; Thébault et al., 2015): 
ᵃ�      = −∇ᵃ�  (3.22)
ᵃ� (ᵅ�, ᵰ�, ᵱ�, ᵅ�) = ᵃ�      ᵃ�
ᵅ�
 
 + 
[ᵃ�  (ᵅ�) cos(ᵅ�ᵱ�) + ℎ  (ᵅ�) sin(ᵅ�ᵱ�)ᵃ�  (cos ᵰ�)]
 
 = 
 
 = 
 (3.23)
where: 
r  is the radial distance from the centre of the Earth 
a is the geomagnetic Earth’s mean reference spherical radius (6,371.2km) 
ᵰ�  is the geocentric colatitude or inclination 
ᵱ�  is the east longitude or azimuth 
ᵃ�  (cos ᵰ�) are the Schmidt quasi-normalised associated Legendre functions of 
degree (n) and order (m) 
ᵃ�  (ᵅ�), ℎ  (ᵅ�) are the Gauss coefficients and are functions of time and are given 
in unit of nanotesla (nT). 
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For any given geographic location, the IGRF model calculates the seven 
magnetic elements of Bi (Figure 3-7), where it is possible to accurately calculate 
the magnetic field (Thebault, 2014; Thébault et al., 2015; Hastings and Garrett, 
2004; Walt, 2005; You, 2017; Markley and Crassidis, 2014; Blakely, 1995). 
Figure 3-9 represents the total field intensity of the geomagnetic field at the 
Earth's surface based on the latest IGRF model. 
The IGRF model is regularly revised to follow the continuous temporal changes 
of the Earth’s magnetic field generated in the outer core Earth. The period 
between revisions should be sufficiently short to preserve its utility as a reference 
model (Thébault et al., 2015). 
3.4.1 Geomagnetic Field Reading 
In order to prevent the magnetometer from the reading of the residual magnetic 
field of the spacecraft, the magnetometer has to be mounted on a long boom 
depending on the size of the spacecraft. The dual magnetometer method has 
been applied in many satellites to detect spacecraft stray fields, such as in 
Giotto, Cassini, Ørsted, MagSat and Solar Orbiter (Musmann, 1988; Carr et al., 
2005; Ness et al., 1971; Pudney, 2014; Dunlop et al., 1999; Kellock et al., 1996; 
Figure 3-9: Total field intensity (Thomson, 2015) 
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Dougherty et al., 2004; Mobley et al., 1980; Langel et al., 1982). Since the 
external field of the spacecraft remains the same at the two sensor positions at 
different distances from the spacecraft, hence, differences in readings of both 
magnetometers triple due to spacecraft field which varies as a function of 
location from the centre of spacecraft dipole moment. This technique is basically 
used for the purpose of decontaminating the magnetometer reading from the 
spacecraft field (Musmann, 1988; Carr et al., 2005; Ness et al., 1971). 
An example of an excellent physical separation between the magnetometer and 
the spacecraft on CubeSats missions is the Dellingr CubeSat, which is the first 
6U CubeSat built by NASA (National Aeronautics and Space Administration) 
Goddard Space Flight Centre, where they used a 52-cm boom to avoid any 
magnetic contamination from the spacecraft-generated field (Figure 3-10) 
(Clagett et al., 2017).  
3.5 Spacecraft Magnetic Dipole and Multipoles 
Characterisation Techniques in the Literature 
In order to compensate the magnetic disturbances of the spacecraft in orbit 
precisely, the residual magnetic dipole moment has to be measured or estimated 
accurately. The generally applied methods of the on-orbit magnetic dipole 
moment determination and compensation are the estimation of the dipole 
components of the spacecraft using Kalman filtering or in combinations of more 
Science magnetometer 
boom 
Science magnetometer 
Figure 3-10: Science magnetometer boom on Dellingr CubeSat 
(Clagett et al., 2017) 
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sophisticated filtering methods. Estimation methods are based on magnetic field 
readings from magnetometers or the Earth’s magnetic field models (such IGRF 
model), the angular velocity variation measured by gyroscopes and the inertial 
properties of the spacecraft (captured in the inertia tensor – i.e. the matrix 
comprising the 3 moments of inertia and the 6 products of inertia) (Lassakeur 
et al., 2018; Jéger, 2017; Soken and Sakai, 2015; Mysore Srinivasa, 2015). 
However, difficulties arise when it comes to onboard characterising physically 
rather than estimating the magnetic dipole moment. 
Determination of the spacecraft’s dipole moment components requires accurate 
knowledge of the strength and direction of the surrounding magnetic field of the 
spacecraft. Many techniques were developed and successfully tested by NASA 
in the early 1960s and are described in detail by Schalkowsky et al. (1969) in 
“Spacecraft Magnetic Torques”  and known as:  
1. The ambient field mapping method 
2. Direct torque measurements, Coilless systems 
3. Direct torque measurements, Controlled field 
4. Pulse resonance technique (Figure 3-11)  
5. Mapping in a field-free region (Figure 3-12). 
Figure 3-11: Measurement of small magnetic dipole by resonant pulsing 
(Tossman, 1965) 
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The latter technique (mapping in a field-free region) is the most commonly used 
to these days, but with different analytical models for the magnetic multi-dipole 
determination, commonly with the spherical harmonics model method that will 
be discussed later in details. It is used in a three-axis Helmholtz coils 
arrangement to cancel the Earth’s magnetic field.  
Figure 3-12 illustrates the gimbal system used for magnetic mapping measurements 
in a field-free region method. The assembly is capable of rotating around two 
orthogonal axes (pitch and yaw), the three axes magnetometer is placed at a 
distance from the spacecraft or the equipment in the orthogonal plane to the 
yaw axis. 
Three other methods have recently been used by the Intespace and the “Centre 
National d'Etudes Spatiales” (CNES) in Toulouse, France. The first is called 
“the 6 faces method” and consists in measuring the magnetic field at the centre 
of the six faces of the object then calculating its magnetic dipole moment 
considering a centred dipole approximation, this method is not adapted for 
Figure 3-12: Gimbal system for magnetic mapping in a field-free region 
method (Schalkowsky et al., 1969) 
Pitch pivot point 
Bubble level 
Bubble level 
Instrument position scale 
Yaw pivot shaft 
Yaw position potentiometre 
Yaw position scale 
Pitch pivot point 
Pitch position scale 
Table pivot point 
Adjustment counterweight 
  
 
- 63 - 
 
 
complicated types of equipment. The second is called “The determination of the 
Fourier coefficients of 3 circular measurements on the 3 orthogonal planes (XY, 
YZ and ZX)”. This method consists of measuring the radial component of the 
magnetic field on three orthogonal circles. The first three coefficients of the 
Fourier series decomposition are then determined. The measurements are then 
compared to the first-order decomposition in the Fourier series (Dumond and 
Berg, 2012). 
The third method developed by CNES and Intespace is known as a spherical 
measurements technique (Figure 3-13), it is very similar to the system developed 
by NASA, called “Mapping in a field-free region” (Figure 3-12). The magnetic 
moment is determined by using the measurement of the magnetic field generated 
on the surface of a sphere around the equipment. The spherical harmonics model 
is used and successfully tested with this facility (Dumond and Berg, 2012). 
All the methods described above can only be performed on the ground, and some 
old techniques have their limitations – for instance, the pulse resonance 
technique is designed to measure only the small dipole moments of a large 
spacecraft (Tossman, 1965; Schalkowsky et al., 1969). 
Figure 3-13: Circles of measurement on spherical measurements technique 
(Dumond and Berg, 2012)  
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3.5.1 The near field and far field scaling 
The “far-field” and “near-field” terms describe the field regions around any 
electromagnetic-radiation source such as permanent magnets, magnetic coils, or 
transmitting antennas. The names suggest that two areas exist with a boundary 
between them around an electromagnetic object. The near-field region (also 
known as “near zone”) is the region immediately surrounding the EM object 
where the field is predominating, typically multipoles and complicated, whereas 
the far-field is commonly a dipole for most magnetic sources (e.g. spacecraft) 
(Steyn and Hashida, 2001; Steyn et al., 2000; Chen et al., 2018a; Soken and 
Sakai, 2015; Lackey, 1968; Paul, 1992; Capps, 2001; Sivaraman, 2017). 
Non-radiative near-field behaviour of an EM field dominates close to the object, 
while electromagnetic radiation behaviour in far-field dominates at a greater 
distance. The boundary between the near-field and the far-field regions are 
vaguely defined in the literature, it is mostly determined experimentally, and it 
depends on the type of dominant wavelength emitted by the source (Bienkowski, 
2012). While the magnetic field strength (B) does not have any frequency 
dependency, because it does not contain the frequency term (ᵯ�), the near-field 
limit can be defined by the condition (ᵃ� > ᵃ�) distance from the source, where 
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R=D 
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Figure 3-14: Near-field versus far-field illustration on 3U CubeSat 
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(D) is the largest dimension of the object (Figure 3-14) (Paul, 1992; Bienkowski, 
2012; Christopoulos, 2007; Weston, 2017).  
The Electric field (E) and the magnetic field (B) strengths decrease inversely 
with the distance from the source in the far-field, resulting in an inverse-cube 
law from the source. However, in the near-field, the magnetic field strength 
decreases by an the inverse distance squared (ᵃ� α ᵅ�− ), on the other hand, the 
electric field decreases by inverse cubed law (ᵃ� α ᵅ�− ) (Paul, 1992; Bienkowski, 
2012; Christopoulos, 2007; Weston, 2017). Figure 3-14 shows a 2D illustration 
of the near and far magnetic field regions of a 3U CubeSat generated by FEMM 
and simulated on ViziMag software, assuming that every single unit of CubeSat 
represents a pure dipole moment put in a random direction. It can easily be seen 
that the near field is complex and is considered as a multipole; however, an 
equivalent magnetic field dipole can be observed in the far-field.  
Figure 3-15  shows a 2D illustration of an equivalent dipole moment (ᵃ�) of a 
3U CubeSat as can be observed from the far-field perspective generated by 
FEMM and simulated on ViziMag software, assuming that every single unit of 
CubeSat represents a pure dipole moment and put in a random direction. 
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Figure 3-15: Illustration of 3U CubeSat dipole moment (M) as seen from the 
far-field perspective 
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3.5.2 Analytical Models of the Magnetic Dipole Moment 
Characterisation by Far-Field Analysis 
The magnetic field of spacecraft obeys the rules of Maxwell's equations 
everywhere in space (Eichhorn, 1972). There are several ways to determine the 
form of this field in terms of its parameters. The formalism which is used in this 
thesis consists of using Maxwell's equations and involves the expansion of the 
field in terms of the known vectors of spherical or Cartesian coordinates, and 
solution for the coefficients of this expansion.  
Several analytical models for magnetic dipole moment characterisation by far-
field scaling exist in the literature. According to Das et al. (1981) and Lorrain 
et al. (1996), any dipole moment (m), whatever it is induced or remanent has 
associated magnetic field ᵃ�       whose components relative to body-fixed spherical 
coordinates (ᵃ�      (ᵅ�, ᵰ�, ᵱ�)) or Cartesian coordinates (ᵃ�      (ᵅ�, ᵅ�, ᵅ�)) are expressed in 
equations (3.24) to (3.28) for the spherical coordinates and equations (3.36) to 
(3.39) for the Cartesian coordinates. 
3.5.2.1 Spherical Coordinates Modelling 
The radial, polar and azimuthal magnetic fields (ᵃ� , ᵃ� , ᵃ� ) located at the point 
P with respect to the origin O of the magnetic dipole (ᵅ�) in the spherical 
coordinates (Figure 3-16) can be written as following (Lorrain et al., 1996): 
 ᵃ�      (ᵅ�, ᵰ�, ᵱ�) = ᵃ� r̂ + ᵃ� ᵰ� ̂+ ᵃ� ᵱ� ̂ (3.24) 
  ᵃ�     (ᵅ�, ᵰ�, ᵱ�)  =  μ ᵅ�
4π
 (3 cos  ᵰ� + 1)
ᵅ� 
 (3.25) 
 ᵃ�  =
μ ᵅ�
2πᵅ� 
cos ᵰ� (3.26) 
 ᵃ�  =
μ ᵅ�
4πᵅ� 
sin θ (3.27) 
 ᵃ�  = 0 (3.28) 
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where: 
ᵃ�      (ᵅ�, ᵰ�, ᵱ�) is the magnetic field at the location ᵃ�(ᵅ�, ᵰ�, ᵱ�) 
ᵅ�         the dipole moment  ᵅ� =  ᵅ�   + ᵅ�   + ᵅ�   
r   is the radial distance from the centre of the dipole to the point P 
ᵰ�   is the polar angle 
ᵱ�   is the azimuthal angle  
ᵰ�    is the permeability of the free space. 
Note that equations (3.26) to (3.28) are valid for the case in which the magnetic 
moment vector (ᵅ�      ) is aligned with the Z-axis of the cylindrical reference frame. 
For more general cases, when the direction and the centre of the dipole are not 
known, ᵃ� , ᵃ�  and ᵃ�  as the components of magnetic field (ᵃ�) of a dipole 
moment (ᵅ�) (Figure 3-16) can be expressed as a function of (ᵅ�, ᵰ�, ᵱ�, ᵅ�, ᵰ� , ᵱ� ) 
as follows (Eichhorn, 1972): 
 ᵃ� (ᵅ�, ᵰ�, ᵱ�) = 
3ᵰ� ᵅ�ᵅ�(ᵅ� − ᵅ�)
ᵱ�    
ᵱ�  −
ᵅ�ᵅ�
ᵱ�    
 (3.29) 
 ᵃ� (ᵅ�, ᵰ�, ᵱ�) = −
3ᵰ� ᵅ�ᵅ�(ᵅ� − ᵅ�)
ᵱ�    
ᵱ�  −
ᵅ�ᵰ�
ᵱ�    
 (3.30) 
 ᵃ� (ᵅ�, ᵰ�, ᵱ�) =
3ᵰ� ᵅ�ᵅ�(ᵅ� − ᵅ�)
ᵱ�    
ᵱ�  −
ᵅ�ᵱ�
ᵱ�    
 (3.31) 
where: 
 ᵱ�  = sin ᵰ� sin ᵰ�  cos(ᵱ� − ᵱ� ) + cos ᵰ� cos ᵰ�  (3.32) 
 ᵱ�  = cos ᵰ� sin ᵰ�  cos(ᵱ� − ᵱ� ) − sin ᵰ� cos ᵰ�  (3.33) 
 ᵱ�  = sin ᵰ�  sin(ᵱ� − ᵱ� ) (3.34) 
 ᵱ� = ᵅ�  + ᵅ�  − 2ᵅ�ᵅ�ᵱ�  (3.35) 
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ᵃ�      (ᵅ�, ᵰ�, ᵱ�) is the magnetic field at the location ᵃ�(ᵅ�, ᵰ�, ᵱ�) 
ᵅ�         is the dipole moment  ᵅ� =  ᵅ�   + ᵅ�   + ᵅ�   
r   is the radial distance from the centre of the dipole to the point P 
ᵰ�   is the polar angle 
ᵱ�   is the azimuthal angle  
ᵰ�    is the permeability of the free space 
ᵅ�   is the radial of the dipole m 
ᵰ�    is the polar angle of the dipole m 
ᵱ�    is the azimuthal angle of the dipole m 
 
3.5.2.2 Cartesian Coordinates Modelling 
This method is used to determine the magnetic dipole moment as a function of 
the position and the strength of the magnetic field, where it is possible to take 
many measurements of the magnetic field in different locations close to the 
spacecraft, then the generated dipole can be calculated. 
Figure 3-16: The spherical coordinates of the magnetic field (B) 
and a dipole moment (m) at the point (P) (Eichhorn, 1972) 
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The magnetic field (ᵃ�     ) outside the localised source as a function of the generated 
dipole (ᵃ�      ) in free space in Cartesian coordinates is given by Equation (3.36) 
(Jackson, 1999; Arfken et al., 2013; Markley and Crassidis, 2014; Balaji and 
Nelson, 2014; Sheinker et al., 2007): 
 ᵃ�     (ᵅ�) =  
μ 
4π
 3ᵅ�(̂ᵅ�̂ ∙ ᵅ�      ) − ᵅ�      
|ᵅ�|⃗ 
  (3.36) 
Where  
ᵃ�     (r)  is the magnetic field at the location ᵃ�(ᵅ�, ᵅ�, ᵅ�) 
ᵰ�    is the permeability of the free space 
ᵅ�         is the magnetic dipole moment 
ᵅ� ⃗  is the vector from the dipole to (ᵅ�, ᵅ�, ᵅ�) 
ᵅ� ̂  is the unit vector in the direction of ᵅ� ⃗
After some manipulations of Equation (3.36), equations (3.37) to (3.39) may be 
derived, which describe each component of the magnetic field: ᵃ� , ᵃ�  and B  
as a function of its location (ᵅ�, ᵅ�, ᵅ�) and the magnetic dipole location (a, b, c). 
The dipole has an orientation which is described by a unit vector ᵅ� ̂ with 
components (ᵅ�, ᵅ�, ᵅ�) (Equation (3.41)) and a total dipole magnitude of m 
(Terral, 2005): 
 ᵃ�  = 
μ ᵅ�
4π
 3[ᵅ�(x − ᵃ�) + ᵅ�(y − ᵃ�) + ᵅ�(z − ᵃ�)](x − ᵃ�)
ᵃ� 
− ᵅ�
ᵃ� 
  (3.37) 
 ᵃ�  = 
μ ᵅ�
4π
 3[ᵅ�(x − ᵃ�) + ᵅ�(y − ᵃ�) + q(z − ᵃ�)](y − ᵃ�)
ᵃ� 
− ᵅ�
ᵃ� 
  (3.38) 
 ᵃ�  = 
μ ᵅ�
4π
 3[ᵅ�(x − ᵃ�) + ᵅ�(y − ᵃ�) + ᵅ�(z − ᵃ�)](z − ᵃ�)
ᵃ� 
− ᵅ�
ᵃ� 
  (3.39) 
ᵃ� is the distance from the dipole to (x, y, z) and is given by: 
 ᵃ� =  (x − ᵃ�)  + (y − ᵃ�)  + (z − ᵃ�)  (3.40) 
 1 = ᵅ�  + ᵅ�  + ᵅ�  (3.41) 
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The transfer from Cartesian to spherical coordinates can be done using the 
following equation: 
 ᵅ�       (ᵅ�, ᵰ�, ᵱ�) = ᵅ� cos ᵰ� ᵅ�̂ −  ᵅ� sin ᵰ� ᵰ� ̂ (3.42) 
3.5.2.3 Cartesian-Spherical Coordinates Combination 
Modelling 
A combination of Cartesian and spherical coordinate is developed by Zhang et 
al. (2017). The component of the magnetic field ᵃ�       ᵃ� , ᵃ� , ᵃ�   outside the 
localised target as a function of the generated dipole in free space is given by: 
 ᵃ�  = 
ᵰ� ᵅ�
4ᵰ�ᵃ� 
 3 ᵯ�(ᵃ� − ᵅ�)
ᵃ� 
− cos ᵰ� cos ᵱ�  (3.43) 
 ᵃ�  = 
ᵰ� ᵅ�
4ᵰ�ᵃ� 
 3 ᵯ�(ᵃ� − ᵅ�)
ᵃ� 
− cos ᵰ� sin ᵱ�  (3.44) 
 ᵃ�  = 
ᵰ� ᵅ�
4ᵰ�ᵃ� 
 3 ᵯ�(ᵃ� − ᵅ�)
ᵃ� 
− sin ᵰ�  (3.45) 
 ᵯ� = (ᵃ� − ᵅ�) cos ᵰ� cos ᵱ� + (ᵃ� − ᵅ�) cos ᵰ� sin ᵱ� + (ᵃ� − ᵅ�) sin ᵰ� (3.46) 
 ᵃ� =  (ᵃ� − ᵅ�)  + (ᵃ� − ᵅ�)  + (ᵃ� − ᵅ�)  (3.47) 
where: 
ᵃ�       ᵃ� , ᵃ� ,ᵃ�    is the magnetic field at the location ᵃ�(ᵅ�, ᵅ�, ᵅ�) 
    is the permeability of the free space 
ᵅ�  is the magnetic dipole moment 
ᵅ� ⃗ is the vector from the dipole to (ᵅ�, ᵅ�, ᵅ�) 
R  is the distance from the dipole to ᵃ�(ᵅ�, ᵅ�, ᵅ�) 
ᵰ� is the rotation angle from the magnetic moment vector toward the X-Y plane 
ᵱ� is the rotation angle from the positive X-axis in the X-Y plane. 
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Figure 3-17 shows a representation of the dipole moment and its components, 
where P represents the location of the magnetic sensor. Given the magnetic field 
measurements at known locations (P), six parameters [ᵅ�, ᵃ�, ᵃ�, ᵃ�, ᵰ�, ᵱ� ] must be 
determined.  
3.5.3 Spherical Harmonics Modelling for the Magnetic 
Multipoles Characterisation by Far-Field Analysis 
Classical spherical harmonics studies have a long history over the last two 
centuries.  It was initially introduced for the study of gravitational theory in the 
works of Legendre and Laplace in the 1780s. Spherical harmonics modelling have 
then been extensively studied and applied to solve a wide range of problems in 
different areas such as geosciences, astronomy, optics, heat transfer, oceanic 
physics, atmospheric physics, and geomagnetic field (Atkinson and Han, 2012). 
The geomagnetic field is known as the most popular application of the spherical 
harmonics modelling method. In 1838, the German mathematician Carl 
Friedrich Gauss was the first to give geomagnetic observations their first global-
scale mathematical formalism, applying  spherical harmonic analysis to a set of 
Earth’s magnetic measurements available at that time (Blakely, 1995). 
Figure 3-17: The Cartesian-spherical combination coordinates 
of the magnetic field (B) and a dipole (M) at the point (P) 
m 
Z 
X 
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The International Geomagnetic Reference Field model is based on spherical 
harmonics technique, it is already discussed above and is represented by a series 
of mathematical models of the internal Earth’s magnetic field ᵃ�     (ᵅ�, ᵰ�, ᵱ�, ᵅ�) and 
its annual rate of change, it is given by Equation (3.23) above (Thebault, 2014; 
Thébault et al., 2015). 
Eichhorn (1972), Dumond and Berg (2012) presented their methods to 
characterise the magnetic dipole moment of the spacecraft by near-field analysis, 
using similar models based on spherical harmonics modelling. They are both 
implemented using Helmholtz coils arrangements in the NASA Goddard Space 
Flight Centre (USA) and Intespace (France) respectively. The advantage of this 
method is that measurements can be taken close to the spacecraft as the model 
considers the magnetic field as multipoles; however, a cluster of magnetic field 
measurements around the spacecraft is needed using a gimbal system for the 
magnetic mapping (Figure 3-12, Figure 3-13 and Figure 3-18 ). These analytical 
methods are used to resolve the dipole moment of satellites for the “spherical 
measurements technique” established by Intespace and the ”Mapping in a field-
free region” developed by NASA and illustrated in Figure 3-12.  
Spherical coordinates of the spacecraft magnetic field (3.50), (3.51) and (3.52) 
can be obtained by solving the differential equation (3.49) obtained from the 
Laplace equation of the spacecraft scalar potential V (3.48) (Dumond and Berg, 
2012): 
∇ ᵃ� = ᵱ�
 ᵃ�
ᵱ�ᵅ� 
+ ᵱ�
 ᵃ�
ᵱ�ᵅ� 
+ ᵱ�
 ᵃ�
ᵱ�ᵅ� 
= 0 (3
.48) 
∇ ᵃ� = 1
ᵅ� 
ᵱ�ᵃ�
ᵱ�ᵅ�
 ᵅ�  ᵱ�ᵃ�
ᵱ�ᵅ�
  + 1
ᵅ�  sin(ᵰ�)
ᵱ�
ᵱ�ᵰ�
 sin(ᵰ�) ᵱ�ᵃ�
ᵱ�ᵰ�
  + 1
ᵅ�  sin (ᵰ�)
ᵱ� ᵃ�
ᵱ�ᵱ� 
= 0 (3
.49) 
ᵃ� (ᵅ�, ᵰ�, ᵱ�) = −    (ᵅ� + 1) 
ᵃ�
ᵅ�
 
 +  
 = 
 
 = 
ᵃ�  (cos ᵰ�)[ᵃ�   cos(ᵅ�ᵱ�) + ℎ   sin(ᵅ�ᵱ�)] (3.50) 
ᵃ� (ᵅ�, ᵰ�, ᵱ�) =      
ᵃ�
ᵅ�
 
 +  
 = 
 
 = 
 ᵃ�  (cos ᵰ�)
 ᵰ�
[ᵃ�   cos(ᵅ�ᵱ�) + ℎ   sin(ᵅ�ᵱ�)] (3.51) 
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ᵃ� (ᵅ�, ᵰ�, ᵱ�) =     ᵅ� 
ᵃ�
ᵅ�
 
 +  
 = 
 
 = 
ᵃ�  (cos ᵰ�)
sin ᵰ�
[ℎ  cos(ᵅ�ᵱ�) − ᵃ�   sin(ᵅ�ᵱ�)] (3.52) 
where: 
ᵃ�  (ᵅ�) =  
2(ᵅ� − ᵅ�)!
(ᵅ� − ᵅ�)!
(−1) [1 − ᵅ� ]   ⁄  
   ( )
   
 (3
.53) 
And 
    is the radial distance from the centre of the satellite 
   is the spherical radius with r ≥ ᵃ� 
ᵰ�   is the polar angle 
ᵱ�   is the azimuthal angle 
ᵃ�  (ᵅ�)  are the Schmidt quasi-normalised associated Legendre functions of 
degree n and order m 
ᵃ�  , ℎ    are the Gauss coefficients given in nT. 
For (  ≠ 0), the Gauss coefficients ᵃ�  , ℎ    can be expressed by (  = cos ᵰ�): 
ᵃ�   =
2ᵅ� + 1
2
(ᵅ� − ᵅ�)!
(ᵅ� + ᵅ�)!
  ᵃ� 
 
− 
(ᵃ� cos( ))ᵃ�  ( )ᵃ�  
(3.5
4) 
ℎ   =
2ᵅ� + 1
2
(ᵅ� − ᵅ�)!
(ᵅ� + ᵅ�)!
  ᵃ� 
 
− 
(ᵃ� cos( ))ᵃ�  ( )ᵃ�  
(3.5
5) 
with:  
ᵃ� (ᵰ�) =
1
 
  ᵃ� (ᵰ�, ᵱ�) cos( ᵱ�) ᵃ�ᵱ�
  
 
 (3
.56) 
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ᵃ� (ᵰ�) =
1
 
  ᵃ� (ᵰ�, ᵱ�) sin( ᵱ�) ᵃ�ᵱ�
  
 
 (3
.57) 
For (  = 0), the Gauss coefficient ᵃ�   is expressed by: 
ᵃ�   =
2ᵅ� + 1
2
  ᵃ� (ᵰ�)
 
− 
ᵃ�  ( )ᵃ�  
(3.5
8) 
where:  
ᵃ� (ᵰ�) =
1
2 
  ᵃ� (ᵰ�, ᵱ�)ᵃ�ᵱ�
  
 
 (3
.59) 
The magnetic moment (m) in [Am ] can be expressed by the following formulae 
(Dumond and Berg, 2012): 
ᵅ�  = ᵃ�  ᵅ� 10−  
(3
.60) 
ᵅ�  = ℎ  ᵅ� 10−  
(3
.61) 
ᵅ�  = −ᵃ�  ᵅ� 10−  
(3
.62) 
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This technique assumes that the magnetic field of the spacecraft can be 
represented by the superposing a number of multipole fields. These fields can be 
measured in the near-field region on a spherical surface, that encloses the 
magnetic source and extends until its magnetic fields become dipolar. The Near-
field analysis method allows data to be taken closer to the satellite, where the 
magnetic field is strong enough for consistent and reliable measurements (Harris, 
2003). The total magnetic field of the spacecraft is calculated by rotating the 
spacecraft and acquiring a map of magnetic data from different angles (θ, ᵱ�) 
(Harris, 2003; Schalkowsky et al., 1969; Dumond and Berg, 2012).  
A typical spacecraft orientation for magnetic field mapping is illustrated in 
Figure 3-18. Techniques based on the spherical harmonics modelling have been 
successfully tested and used with good results at the NASA Goddard and 
Intespace magnetic test facility for magnetic testing of several spacecraft (Harris, 
2003; Dumond and Berg, 2012). 
+z 
+x 
+Y 
ᵱ� 
ᵰ� 
  
X 
Z 
Y 
R 
Tri-axial 
Magnetometer 
Spacecraft 
Figure 3-18: Spacecraft orientation for spherical harmonics 
magnetic testing (Harris, 2003) 
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3.6 On-Orbit Residual Magnetic Moment Estimation 
and Mitigation in the Literature for Nanosatellites  
There are a very limited number of nanosatellites in the literature that 
characterises and partially mitigates the residual dipole moment in orbit. All 
these missions use different methods to estimate rather than calculate the 
residual dipole moment of the spacecraft either on the ground or in orbit. 
Estimation models require knowledge of the spacecraft angular velocity variation 
measured by gyroscopes and the Earth’s magnetic field measured by an external 
magnetometer or from the IGRF model. Most estimation models are based on 
traditional filtering algorithms such as Kalman Filter (KF), Extended Kalman 
Filter, and Unscented Kalman Filter (UKF) algorithms.  
The first mitigation method by estimation for nanosatellites was applied to 
SNAP1 nanosatellite. It was launched on the 28th of June 2000, and its mass is 
only 6.5kg. The magnetic controller of SNAP1 was initially designed to put the 
satellite into Y-Thomson spin control, however, and due to an internal 
unmodelled and unexpected permanent magnetic dipole moment aligned with 
the Z-axis of the spacecraft, a compass mode attitude response was observed in 
orbit right after the launch. The source of the significant magnetic disturbance 
was mainly caused by a magnetic remanence in the dual solenoid valves 
(Figure 3-19) of the propulsion thruster (Steyn and Hashida, 2001; Miyata and 
van der Ha, 2009).  
Figure 3-19: SNAP1 propulsion thruster (Gibbon and Underwood, 2001) 
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The estimation method on SNAP1 uses the Kalman Filter to estimate the 
magnetic dipole moment and applies its output to partially compensate it in the 
counter-direction of the magnetic dipole using the full capacity of 
magnetorquers. This approach was evaluated as satisfactory for the satellite 
requirements, and the nadir pointing performance was improved to within 3° (1-
σ) (Steyn and Hashida, 2001; Miyata and van der Ha, 2009). However, this 
technique still has the following limitations (Steyn and Hashida, 2001): 
 the full satellite dynamics (wheel, gyroscopic torques etc.) is not taken 
into account; 
 the estimator assumes that the magnetorquer compensation is ideal (no 
cross-coupling effects); 
 the magnetic moment disturbance changes are not tracked. 
Many other methods of the residual magnetic moment estimation and 
compensation exist in the literature, Inamori et al. (2011b) proposed two ways 
based on the Kalman Filter. The first method implements an Unscented Kalman 
Filter algorithm is proposed for the Japanese nanosatellite Nano-JASMINE 
(Nano-Japan Astrometry Satellite Mission for Infrared Exploration). The second 
approach is based on the Extended Kalman Filter to estimate the residual dipole 
moment, this method is proposed for both Nano-JASMINE and PRISM (Pico-
satellite for Remote-sensing and Innovative Space Missions). EKF method is 
already demonstrated in orbit with the PRISM nanosatellite (Inamori et al., 
2011b; Inamori et al., 2011a). However, the UKF estimation method is 
demonstrated only using simulation results (Inamori et al., 2009). The original 
launch of Nano-JASMINE was scheduled in August 2011, yet, the launch date 
has been delayed many times, and Nano-JASMINE will finally be launched in 
2021 (Gouda and group, 2017), for in-orbit demonstration and evaluation of 
UKF method. 
Nano-JASMINE is a 35kg technology demonstration nanosatellite for 
astrometry observation application developed by the National Astronomical 
Observatory of Japan (NAOJ), and the Intelligent Space Systems Laboratory 
(ISSL) of the University of Tokyo (Hosonuma, 2012). However, PRISM is a 
remote sensing nanosatellite launched on the 23rd of January 2009; the objective 
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of the mission is to achieve 30m images resolution in 8.5kg nanosatellite. The 
satellite attitude control is required to stabilise the spacecraft to (0.7°/s) 
accuracy in order to orient the telescope payload toward the earth (Inamori et 
al., 2011b; Komatsu and Nakasuka, 2009). In the design phase of PRISM, the 
attitude was intended to be passively controlled using only the gravity gradient 
torque of the boom extension.  But the attitude stability and control 
requirement  (0.7°/s) cannot be satisfied because of the dominance of the 
residual magnetic disturbances in orbit, hence reducing and controlling of the 
residual magnetic moment is paramount for the success of this mission (Inamori 
et al., 2011b). 
The attitude of Nano-JASMINE is determined by assessing the quality of the 
star image of the mission telescope on board the spacecraft, based on how 
blurred it the picture. This image is mainly used to estimate the angular velocity 
of the satellite, and also used to estimate the residual magnetic moment of the 
feed-forward controller (Figure 3-20), the estimated dipole will be then 
compensated using magnetorquers (Inamori et al., 2009; Inamori and Nakasuka, 
2008; Hosonuma, 2012).  
Figure 3-20: Bias elimination and RMM estimation using star images (STTs), 
and magnetometers strategy for Nano-JASMINE (Inamori et al., 2009) 
ᵅ�  
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 The Unscented Kalman Filter algorithm is used for accurate estimation of the 
nonlinear dynamics of the spacecraft (Söken and Hajiyev, 2014), and it does not 
use the approximation of the equations and observation models. It uses true 
nonlinear models and the approximate distribution of the random state variable. 
However, only the first-order term of the Taylor series expansion of the nonlinear 
function is used in the EKF estimator in PRISM nanosatellite (Figure 3-21), 
which can introduce a significant errors in the nonlinear estimation (Inamori et 
al., 2009; Inamori et al., 2011b; Soken et al., 2014). 
Seriani et al. (2016) proposed a new way to perform an in-orbit and offline 
estimation of the residual magnetic dipole moment using a genetic algorithm 
coupled with a simplex algorithm that requires only magnetometer readings. 
This technique is tested on POPSAT-HIP1 (Propulsion Operation Proof 
Satellite – High Performance) CubeSat. 
POPSAT-HIP1 is a 3-unites CubeSat launched on the 19th of June 2014 in a low 
Earth orbit at around 600km of altitude to test cold gas-based micro-thrusters. 
Some preliminary results are presented on an experimental investigation 
performed by acquiring magnetometer readings in different phases of the 
spacecraft life (free tumble, stabilised, manoeuvring). Yet, Seriani et al. (2016) 
pointed out that this methodology is still new and has some drawbacks and 
needs improvements in the future. 
Figure 3-21: Magnetic dipole moment estimation strategy for 
PRISM and Nano-JASMINE  (Inamori et al., 2011b) 
ᵅ�  
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3.7 Conclusion 
The sources of any magnetic contamination of spacecraft come from any part 
that can be considered to behave like a small static magnet, due to the material 
properties and its magnetisation. Magnetised materials and electrical currents 
produce current loops that exert undesirable magnetic torques on spacecraft. In 
order to compensate the magnetic disturbances of the spacecraft on the ground 
or in orbit, the residual magnetic dipole moment has to be measured or 
estimated accurately.  
We presented in this chapter on the ground-based methods of the dipole moment 
characterisation available in the literature, and we showed that the most reliable 
method relies on spherical harmonics modelling technique by near-field analysis, 
this technique is also used to determine the geomagnetic field (IGRF models). 
The advantage of this method is that measurements can be taken close to the 
spacecraft as the model consider the magnetic field as multipoles and can be 
used to compensate any “static” dipole on the ground. However, it cannot be 
used in orbit as it requires lots of magnetic readings around the spacecraft to 
construct spherical mapping of the field, in addition, advanced processors and 
algorithms are needed to process data in real-time.  
The available methods of the magnetic dipole moment determination and 
compensation in-orbit are based on the estimation of the dipole components of 
the spacecraft. Most estimation models are based on traditional filtering 
algorithms. They are also based on magnetic field readings from the external 
magnetometers or the Earth’s magnetic field models (IGRF), the angular 
velocity variation and the inertial properties of the spacecraft. Although the 
algorithms based on estimation can achieve accurate attitude control of the 
satellite to some extent, the effect of the residual magnetic moment on the 
spacecraft cannot be entirely eliminated due to the performance limitations of 
estimation algorithms (Chen et al., 2018a). 
We present in the following chapter our proposed method of the residual 
magnetic dipole moment determination in orbit and in real-time applied and 
tested on the ground with permanent magnets, air coils and with the engineering 
model of the boom payload of Alsat-1N CubeSat.  
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CHAPTER 4 
4 Magnetic Dipole Moment 
Determination of CubeSats - 
Implementation, Validation and 
Results 
In this chapter, we present the proposed hardware and software implementation 
method of the residual magnetic dipole moment determination, applied and 
tested on the ground with permanent magnets, air coils and with the engineering 
model of the boom payload of Alsat-1N CubeSat. While the previous chapter 
provides the state-of-the-art of the residual magnetic dipole moment 
determination methods in addition to the approach adopted in this research. 
The obtained results of this system are then used to mitigate the dipole moment 
of the spacecraft, which will be presented in the next chapter.     
4.1 Magnetic Field Measurements of Spacecraft 
Determination of the magnetic moment dipole and its direction require accurate 
knowledge of the strength and direction of the magnetic field of the spacecraft. 
To do this, we have designed and constructed a 3-Axis Helmholtz coils test 
facility (Appendix A) to cancel any external or unwanted magnetic field, such 
as the magnetic field generated by electronic devices or the Earth's magnetic 
field. This device is used to measure the magnetic field of the permanent 
magnets, the air coils and the engineering model of the boom payload of Alsat-
1N CubeSat, utilising the network of Honeywell HMC1053 magnetometers. 
4.1.1 Magnetometer Selection 
A survey has been conducted to select the most suitable magnetometer for this 
research. Out of many low-cost commercial-off-the-shelf magnetometers 
available on the market, the Honeywell three-axis magnetometer HMC1053 
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(Honeywell, 2018a) has been selected (Figure 4-1). These are very compact 
magneto-resistive sensors, and they are designed for low-level magnetic field 
sensing (±6gauss). They have low power consumption and can be used over a 
wide temperature range, making them ideal for CubeSats applications.   
They are reliable in space and have flown and operated successfully on board 
many CubeSats missions. The main problem of this type of magnetometers is 
that their outputs drift with temperature, and therefore, they need careful 
calibration. Table 3 summarises its properties. More precise and sensitive 
magnetometers, such as fluxgate magnetometers, are available, but these are 
much bulkier and have a higher cost. 
Table 3: Honeywell HMC1053 three-axis magnetometer main characteristics 
(Honeywell, 2018a) 
Characteristics Min Type Max Units 
Supply  1.8 3.0 20 V 
Operating To -40 - 125 o C 
Field range -6 - +6 G 
Resolution - 280 - µG 
Bandwidth - 3 - MHz 
Note: the gauss is the old CGS unit of magnetic flux density. The SI unit is the 
tesla: 1gauss = 10-4tesla (100µT) so 1tesla = 10,000gauss. The Earth’s magnetic 
field strength in low Earth orbit is typically ~30-60µT. 
 
Figure 4-1: Honeywell HMC1053 three-axis magnetometer (Honeywell, 2018a) 
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4.1.2 Magnetometer Circuit Design 
The three analogue outputs of the HMC1053 are each referenced to 1.65V and 
sent through an operational amplifier filter. The output of the operational 
amplifier is sampled by an external ADS1115, which is an I2C (16-bit) analogue-
to-digital converter (ADC), implemented to make use of the 12nT resolution of 
the HMC1053 (Gerber, 2014). Figure 4-2 shows the magnetic field detection 
circuit based on HMC1053 connected via an I2C bus to the Raspberry Pi 
computer. 
 
 
  
Raspberry Pi 3 
HMC1053 
Magnetometer  
ADS1115 (ADC) 
I2C Bus 
Figure 4-2: Magnetic field detection circuit (Gerber, 2014) 
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Figure 4-3 shows a sample of the PCB board of the designed magnetometer 
circuit.  
4.1.2.1 Set/Reset Circuit 
HMC1053 has a set/reset strap, which is a spiral of metallisation that is used to 
be coupled to the sensor elements easy axis. Each of the three Set/Reset straps 
has a nominal resistance of 3 to 6ohms, it requires a minimum peak current of 
400mA to set or reset pulses. Figure 4-4 shows a sample of the peak current 
generated by the implemented circuit (Figure 4-5) to set or reset a single strap 
in one of the magnetometers used in this research.  
 Figure 4-4: Sample of one strap Set/Reset current 
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The positive pulse current entering the S/R+ strap connection is defined as a 
set pulse. If a minimum peak current of 400mA is generated, the magnetic 
domains would be aligned in a forward easy-axis direction, which allows the 
sensor bridge’s polarity to be a positive slope with positive fields on the sensitive 
axis result in positive voltages. Whereas, the negative pulse current entering the 
S/R+ strap connection is defined as a reset pulse, if a minimum peak current of 
-400mA is generated, the magnetic domains would be aligned in a reverse easy-
axis direction which allows the sensor bridge’s polarity to be a negative slope 
with positive fields on the sensitive axis result in negative voltages (Honeywell, 
2018a). 
4.2 Magnetic Sensor Calibration 
For precise and reliable magnetometer readings, magnetometer calibration is a 
critical part of magnetic-based attitude determination systems (Springmann et 
al., 2010). The calibration should include sensitivity calibration, sensor zero 
offset and misalignment between magnetic and mechanical axes. If a boom is 
used, the misalignment angles are between the sensor axes at the end of the 
boom and the body coordinates system (Musmann, 1988). 
4.2.1 Correction of Magnetometer Zero Offsets 
Every magnetometer has a sensor offset, known as systematic bias in a zero-
field environment (Figure 4-6); hence, every magnetometer needs to be 
calibrated to achieve an accurate attitude determination and control system 
required by the spacecraft mission. This offset must be precisely measured on 
Figure 4-5: Set/Reset circuit (Honeywell, 2018a) 
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the ground using Helmholtz coils. However, this offset drifts in orbit due to 
changes in temperature; therefore, an additional calibration is needed in orbit 
to compensate for this bias (Pudney, 2014; Prasad et al., 2014). The reading U  
of each axis is given by (Musmann, 1988): 
 ᵃ�  = ᵃ�  ᵃ�  + ᵃ�     + ᵃ�      (4.1) 
where: 
ᵅ� is the component x, y and z 
ᵃ�  is the sensitivity [V/nT] 
ᵃ�  is the ambient field component 
ᵃ�     is the spacecraft field component 
ᵃ�     is the sensor offset 
For the external magnetic field reading, the magnetometer measurements are 
disturbed by the spacecraft magnetic fields created internally, and this leads to 
limit their utility on satellites. Therefore, a boom should be used to provide 
physical separation between the magnetometer and the satellite in order to 
eliminate any magnetic disturbances, as the magnetic field generated by any 
source of the spacecraft decays gradually by the inverse cube of the distance (B 
α r-3), using the dipole approximation (Springmann, 2013; Musmann, 1988; Carr 
et al., 2005; Narvaez, 2004; Ness et al., 1971). 
Figure 4-6: Definition of zero offset (Pudney, 2014) 
Sensor output 
Zero offset 
Magnetic field (B) 
 (physical value) 
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4.2.2 Ground Calibration of the HMC1053 Magnetometers 
We calibrated the eight HMC1053 magnetometers used in this research, using a 
highly accurate smart digital three-axis magnetometer the Honeywell HMR2300 
(Figure 4-7) as a reference. Table 4 summarises its properties versus HMC1053 
properties (Honeywell, 2018a; Honeywell, 2018b). The experiments were carried 
out in the 3-Axis Helmholtz coils, which we can tune the current in each axis to 
obtain the desired magnetic field in both directions. A sample of calibration 
results of the HMC1053 magnetometers is illustrated in Appendix D. 
 
Table 4: Honeywell HMR2300 versus HMC1053 magnetometers main 
characteristics (Honeywell, 2018a; Honeywell, 2018b) 
Characteristics Min Max Units 
 HMC1053 HMR2300 HMR2300 HMC1053  
Supply  1.8 6.5 15 20 V 
Operating To -40 -40 85 125 o C 
Field range -6 -2 +2 +6 G 
Resolution 280 67 67 280 µG 
 
Figure 4-7: HMC2300 magnetometer (Honeywell, 2018b) 
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4.3 Magnetic Dipole Moment Determination - 
Implementation 
The method proposed in this research is designed and destined mainly for 
CubeSats and nanosatellites class. The mathematical approach adopted to 
characterise the residual magnetic dipole moment of the spacecraft is primarily 
based on the model described (Jackson, 1999; Terral, 2005; Arfken et al., 2013) 
and introduced in the previous chapter. This model uses Cartesian coordinates 
and requires accurate knowledge of the strength and direction of the surrounding 
magnetic field of the spacecraft and the geomagnetic field as well, where it is 
possible to take many measurements of the magnetic field close to the spacecraft 
at the same time in order to resolve the dipole of the spacecraft.  
In practice, the measured magnetic field, ᵃ�      (ᵅ�) is the vector sum of the 
geomagnetic field ᵃ�       and the target (satellite) magnetic field ᵃ�         (Zhang et 
al., 2017): 
 ᵃ�     (ᵅ�) = ᵃ�         + ᵃ�       (4.2) 
The magnetic field outside the spacecraft as a function of the generated dipole 
in free space is given by the equation: 
 ᵃ�     (ᵅ�) =  ᵰ� 
4π
 3ᵅ�(̂ᵅ�̂ ∙ ᵅ�      ) − ᵅ�      
|ᵅ�|⃗ 
  + ᵃ�       (4.3) 
where: 
ᵃ�      (ᵅ�       , ᵅ�)⃗ is the measured magnetic field at the location ᵃ�(ᵅ�, ᵅ�, ᵅ�) 
ᵃ�        is the Earth’s magnetic field  
ᵰ�    is the permeability of the free space 
ᵅ�         is the magnetic dipole moment of the spacecraft 
ᵅ� ⃗  is the vector from the dipole to the magnetometer position 
ᵅ� ̂  is the unit vector in the direction of ᵅ� ⃗
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After some manipulations of Equation (4.3), equations (4.4) to (4.7) may be 
derived. They describe each component of the magnetic field: ᵃ� , ᵃ�  and ᵃ�  as 
a function of the magnetic reading location (ᵅ�, ᵅ�, ᵅ�) and the magnetic dipole 
location (ᵃ�, ᵃ�, ᵃ�). The magnetic dipole moment has an orientation which is 
described by a unit vector  ᵅ� ̂with components (n, p, q) (Figure 4-8) and a total 
dipole magnitude of (m) (Terral, 2005; Hu et al., 2005). Equation (4.8) 
represents the unit vector condition. 
ᵃ�  = 
ᵰ� ᵅ�
4ᵰ�
 3[ᵅ�(ᵅ� − ᵃ�) + ᵅ�(ᵅ� − ᵃ�) + ᵅ�(ᵅ� − ᵃ�)](ᵅ� − ᵃ�)
ᵃ� 
− ᵅ�
ᵃ� 
  + ᵃ�   (4.4) 
ᵃ�  = 
ᵰ� ᵅ�
4ᵰ�
 3[ᵅ�(ᵅ� − ᵃ�) + ᵅ�(ᵅ� − ᵃ�) + ᵅ�(ᵅ� − ᵃ�)](ᵅ� − ᵃ�)
ᵃ� 
− ᵅ�
ᵃ� 
  + ᵃ�   (4.5) 
ᵃ�  = 
ᵰ� ᵅ�
4ᵰ�
 3[ᵅ�(ᵅ� − ᵃ�) + ᵅ�(ᵅ� − ᵃ�) + ᵅ�(ᵅ� − ᵃ�)](ᵅ� − ᵃ�)
ᵃ� 
− ᵅ�
ᵃ� 
  + ᵃ�   (4.6) 
 R is the distance from the dipole moment to (x, y, z) and is given by: 
 
 ᵃ� =  (x − ᵃ�)  + (y − ᵃ�)  + (z − ᵃ�)  (4.7) 
 1 = ᵅ�  + ᵅ�  + ᵅ�  (4.8) 
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Given the magnetic field measurements at known locations, six unknowns have 
to be determined. Figure 4-8 shows a representation of CubeSat's dipole moment 
and its components, where P represents the location of the magnetic reading.	
For a network of N sensors at known locations (ᵃ� ), a system of (3N+1) over-
determined nonlinear equations has to be resolved, where the input vector is 
 ᵃ�   , ᵃ�   , ᵃ�   , ᵅ� , ᵅ� , ᵅ� , ᵃ�  , ᵃ�  ,ᵃ�    and the solution is [ᵅ�, ᵃ�, ᵃ�, ᵃ�, ᵅ�, ᵅ�, ᵅ� ]: 
   ᵃ�   =
ᵰ� ᵅ�
4ᵰ�
 3[ᵅ�(ᵅ�  − ᵃ�) + ᵅ�(ᵅ�  − ᵃ�) + ᵅ�(ᵅ�  − ᵃ�)](ᵅ�  − ᵃ�)
ᵃ�  
− ᵅ�
ᵃ�  
  + ᵃ�   (4.9) 
   ᵃ�   =
ᵰ� ᵅ�
4ᵰ�
 3[ᵅ�(ᵅ�  − ᵃ�) + ᵅ�(ᵅ�  − ᵃ�) + ᵅ�(ᵅ�  − ᵃ�)](ᵅ�  − ᵃ�)
ᵃ�  
− ᵅ�
ᵃ�  
  + ᵃ�   (4.10) 
   ᵃ�   =
ᵰ� ᵅ�
4ᵰ�
 3[ᵅ�(ᵅ�  − ᵃ�) + ᵅ�(ᵅ�  − ᵃ�) + ᵅ�(ᵅ�  − ᵃ�)](ᵅ�  − ᵃ�)
ᵃ�  
− ᵅ�
ᵃ�  
  + ᵃ�   (4.11) 
ᵃ�  =  (ᵅ�  − ᵃ�)  + (ᵅ�  − ᵃ�)  + (ᵅ�  − ᵃ�)  (4.12) 
1 = ᵅ�  + ᵅ�  + ᵅ�  (4.13) 
 
Figure 4-8: CubeSat's dipole moment representation 
 
[  ,   ,   ] 
  ⃗   =    
  ,   
  ,   
   
 
ᵆ�       (ᵆ� , ᵆ� , ᵆ� )
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where:  
ᵃ�      (ᵃ�   ,ᵃ�   , ᵃ�   )      are the measured magnetic fields at the locations ᵃ� (ᵅ� , ᵅ� , ᵅ� ) 
ᵃ�       ᵃ�  ,ᵃ�  ,ᵃ�    are the Earth’s magnetic field components  
ᵅ�              is the magnetic dipole moment of the spacecraft 
For the ground testing, ᵃ�       equals zero, as the Earth’s magnetic field is cancelled 
by the Helmholtz coils arrangement. 
The network of eight magnetometers is arranged around the spacecraft to 
measure the field outside the spacecraft body (Figure 4-9). We then apply the 
method described above to determine the dipole moment of the spacecraft. 
Considering the far-field limit distance condition, the sensors are proposed to be 
put at the limit (ᵅ� = ᵃ�) distance from the source, where (D) is the largest 
dimension of the spacecraft. The magnetic sensors need to be near enough to 
the spacecraft to measure its associated magnetic field and sufficiently far to 
neglect higher-order multipoles. 
Figure 4-9: Magnetometers layout on a typical 3U CubeSat 
Body Magnetometers  
External magnetometer 
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D  
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4.3.1 Hardware Implementation 
For the hardware configuration, we have used a set of eight HMC1053 
magnetometers, and the measurements are synchronised so that the field can be 
accurately estimated at a particular instant of time. The interface circuit board 
(Figure 4-10) is developed to connect the magnetometers to the Raspberry Pi 3 
Model-B computer using the I2C bus (Raspberry-Pi, 2019). The circuit is 
capable of reading all eight magnetometers (24 readings) in less than 25ms.  
As can be seen in Figure 4-11, the Helmholtz coils facility is used to counter the 
external magnetic field, by putting the magnetometer (HMR2300) in the middle 
of the Helmholtz coils, then by controlling the current in three axes to cancel 
the Earth’s magnetic field. A three-channel adjustable power supply 
“KEITHLEY 2231A-30-3” is used to supply the coils with the desired current. 
Less than 40nT in each axis is achieved in the centre of the Helmholtz coils, 
which is 0.067% of the Earth’s magnetic field. The network of eight 
magnetometers are arranged around the spacecraft to measure the magnetic 
field of the spacecraft or any magnetic source. The Python model to determine 
the dipole moment of the spacecraft is implemented in the Raspberry Pi 
computer. 
Figure 4-10: Raspberry Pi interface board 
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4.3.2 Software Design 
The software used to determine the dipole moment is based on the Levenberg-
Marquardt algorithm (Ranganathan, 2004; Moré, 1977) and is coded in python 
then implemented in the Raspberry Pi 3 Model-B. The code is divided into five 
steps: 
1. Initialisation and configuration 
2. Set/Reset of all magnetometers 
3. Read the magnetic field of the spacecraft  
4. Magnetometers calibration 
5. Determine the dipole moment of the spacecraft: this is done by solving 
the system of 25 nonlinear equations using the Levenberg-Marquardt 
algorithm. 
The software flow-chart and the full Python code is attached in Appendix B. 
Figure 4-11: Dipole determination of the EM of Alsat1-N boom payload using 
the 3-Axis Helmholtz coils test facility 
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4.3.2.1 Nonlinear Least Squares Fitting Method - Levenberg–
Marquardt Algorithm 
Amongst many conventional methods tested to solve such a complicated and 
over-determined nonlinear system of equations described in this chapter, where 
25 equations must be solved with seven unknowns, we found that the Levenberg-
Marquardt (LM); also known as a damped least-squares (DLS) algorithm; is the 
best method to converge to the optimal solution.  
The Levenberg-Marquardt algorithm is a very sophisticated algorithm for the 
numerical solution proposed by Levenberg (1944) and Marquardt (1963). It is 
an iterative method that can locate the minimum of non-linear multivariable 
functions (Lourakis, 2005; Moré, 1977). It has become one of the standard 
techniques for non-linear least-squares problems, and then widely adopted in 
many disciplines. LM algorithm is used for optimisation problems and known as 
one of the most robust and reliable methods, even though if the initial guess is 
far from the corresponding solution to the minimum of the objective function, 
this algorithm can still converge toward the best solution (Nocedal and Wright, 
2006; Moré, 1977).  
The Levenberg-Marquardt algorithm is considered as a combination of two 
algorithms, the first is the steepest descent, and also known as the gradient 
descent method, and the second is the Gauss-Newton method. The LM 
algorithm behaves like a gradient descent method when the current solution is 
far from the correct one, and behaves like a Gauss-Newton method when the 
current solution is close to the correct solution (Lourakis, 2005; Moré, 1977). 
LM algorithm is implemented in many programming language such as C, C++, 
JAVA, Python etc. In this research, we have used the “scipy.optimize” library 
written in Python that provide the function “root” based in the Levenberg-
Marquardt algorithm, as this can be used with the Raspberry Pi operating 
system. 
The Levenberg-Marquardt algorithm needs an initial guess to converge to the 
optimal solution. Therefore, a careful guess selection is crucial to minimise the 
processing time and increase the accuracy of the solution. The optimal guess 
used to determine the magnetic dipole moment on the ground, can itself be used 
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in-orbit, as the algorithm is robust and can rapidly converge for a small change 
of the dipole using a fixed guess (Lourakis, 2005; Ranganathan, 2004). 
We have performed an analysis of the influence of the initial guess, to the system 
of equations we are resolving in this research, by changing the guess around the 
potential solution and see the impact on the solution of the algorithm. We have 
found that as long the guess is not very far from the solution, the algorithm can 
quickly converge to the right minimum.  
For example, the solution of the system is [ᵅ�, ᵃ�, ᵃ�, ᵃ�, ᵅ�, ᵅ�, ᵅ�], where, m is the 
dipole magnitude, (ᵃ�, ᵃ�, ᵃ�) is the dipole location and (ᵅ�, ᵅ�, ᵅ�) is the dipole 
orientation. We should give (m) a reasonable value (e.g. 0.1, 1 or 10), and 
(ᵃ�, ᵃ�, ᵃ�) should be around the centre (0, 0, 0), and (ᵅ�, ᵅ�, ᵅ�) can be any 
combination that respects the unit vector condition 1 = ᵅ�  + ᵅ�  + ᵅ� . 
4.3.2.2 Condition Number of the System  
We tested if the system of equations that we solve is a well or ill-conditioned 
system, by changing the order of the solving equations in the algorithm. We 
have found that whatever the order of equations of the system are arranged, the 
model converge to the same solution, therefore the system is well-conditioned. 
4.3.3 Test Results 
The ground testing technique described above has been applied to the 
engineering model of the boom payload of Alsat-1N, which represents a one-unit 
CubeSat (1U) on the 3-Axis Helmholtz coils (Figure 4-11). As the condition of 
the far-field limit cannot be satisfied to determine the dipole moment of the 
entire Alsat1-N CubeSat using a small 3-Axis Helmholtz coils (0.5m x 0.5m x 
0.5m), we have chosen to measure and counter the magnetic dipole moment of 
the Alsat1-N boom payload as this payload contains permanent magnets in its 
motor and represents the strongest source of the magnetic field on Alsat1-N 
CubeSat.  
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The measurements of this test were made when the payload is turned off inside 
the Helmholtz coils every 2.5 seconds over 7 minutes, and these were used to 
determine the static magnetic dipole of the boom payload. The results are 
illustrated in Figure 4-12, Figure 4-13 and Figure 4-15: 
  
  Figure 4-12: The measured dipole moment of the EM of Alsat-1N boom 
payload 
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Figure 4-12, Figure 4-13 and Figure 4-15 show the magnitude, the position and 
the direction of the dipole moment of the engineering model of the Alsat-1N 
boom payload respectively, computed every 2.5s over 7 minutes period. As can 
be seen in Figure 4-12, the dipole is hardly varying, and its magnitude is 
consistently equal to 0.064Am2. The position of the calculated centre of the 
dipole (Figure 4-13) is found to be close to the geometrical position of the motor 
of the boom payload as it contains permanent magnets. The Y-axis in 
Figure 4-13 represents the dimension of 1U CubeSat (Figure 4-14). The direction 
vector of the dipole is (-0.999, -0.002, -0.013) and it is dominated by the direction 
of the permanent magnet of the motor in the boom payload. 
Figure 4-15: The measured dipole direction (m, n, p) vector of the EM of 
Alsat-1N boom payload 
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4.3.4 Validation Method 
To validate the obtained results, we designed an air coil with 11cm diameter 
and 93 turns (Figure 4-16) which can generate up to 2.5Am2. The dipole (ᵅ�) can 
be easily calculated as a function of the number of windings (N) in the coil, its 
area (A), and the current (I) which is put through the coil. 
The magnetic dipole moment generated by a magnetic coil is expressed in units 
of Am2 and is given by (Overlack et al., 2011): 
 ᵅ� = ᵃ�ᵃ�ᵃ� (4.14) 
 
We used the 3-axis Helmholtz coils test facility to cancel the Earth’s magnetic 
field. The eight magnetic sensors are put in the same position as the proposed 
flight configuration for a 3U CubeSat (Figure 4-16). This test is performed by 
placing the air coil in the middle of the magnetometers network system, all 
inside the Helmholtz coils. Figure 4-17 shows the dipole moment calculated by 
the model based on the sensor measurements compared to the theoretically 
known dipole.  
Figure 4-16: The air coil with the set of eight magnetometers inside 
the Helmholtz coil 
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These results are obtained by changing the input current of the air coil, as shown 
in the green line in Figure 4-17, this means that each step of graduations in the 
graph represents a constant value of current and dipole. The experiment was 
carried out over 7 minutes. 
Figure 4-18 shows the error on the measured dipole compared to the known 
dipole of each step of graduations. As can be seen, this error is very small and 
varies between 0.0003% and 2.24%. 
Figure 4-17: The measured/calculated dipole compared to the known dipole 
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Figure 4-18: The measured dipole error compared to the known dipole 
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Figure 4-19 shows the angle error between the actual and known direction of 
the dipole, which is in the x-axis direction (-1, 0. 0) and the dipole calculated 
by the system for each measurement step. 
Figure 4-20 shows the calculated centre of the dipole based on the 
measurements. This figure itself represents the error of the dipole position centre 
as the true position of the magnetic coil is the origin (0, 0, 0). 
Figure 4-19: Dipole direction error angle 
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Figure 4-20: Dipole centre position 
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4.4 Discussion 
The number of magnetometers and their disposition are chosen so that the 
system can collect as much as magnetic field information near the spacecraft. 
We found that this layout (Figure 4-9) and the number of sensors used by the 
system are optimal. Considering the minimum number of the magnetometers is 
seven, the system is capable of providing the same result presented in this 
chapter with only seven sensors instead of eight. However, the accuracy of the 
results decreases remarkably, when less than seven sensors are used. Therefore, 
we strongly recommend seven magnetometers as a minimum for precise results. 
Figure 4-21 shows the error on the magnitude of the dipole obtained in the first 
experiment with the boom payload when using less than eight magnetometers. 
This error may vary from one test to another.  
The resolution and the accuracy of the system depends on the resolution and 
the accuracy of magnetometers for the on-orbit dipole determination and 
depends on the resolution and the accuracy of magnetometers, the size, and the 
resolution of the Helmholtz coil for the ground testing. We have tested our 
system in the range of [0.04, 7] Am2, as the maximum dipole that can be 
generated by the designed magnetic air coil is 7Am2. However if we consider the 
size of the Helmholtz coil, the range and the resolution of the used magnetometer 
HMC1053, the system can characterise smaller dipole (e.g. 0.01 Am2) and up to 
24Am2 for bigger dipole.  
Figure 4-21: the error on the dipole when using less than eight magnetometers 
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We believe that the small differences in the magnitude of the dipole 
(Figure 4-18), the error in the direction of the dipole (Figure 4-19) and the small 
shift in the obtained dipole centre position (Figure 4-20) are all due to: 
 the small errors in the measured position and orientation of the 
magnetometers; 
 residual offsets and drift of the magnetometers; 
 the air coil is not a “perfect” coil in the magnetic sense, as it has some 
length (5cm) as well as width (3cm); 
 the fact that the 3-axis Helmholtz coils test facility used in these 
experiments does not entirely cancel the Earth’s magnetic field. Even 
though the field is less than 40nT in the middle of the structure, this 
value increases when we move away from the centre; 
 Levenberg-Marquardt algorithm errors, although it is the best method 
compared to many methods used in this research to solve such a 
complicated and overdetermined system of equations. There are always 
small errors in the solution. 
However, as the differences are very small, we consider that the results obtained 
in the last experiments with the air coil validate the resultant dipole of the 
Alsat1-N boom payload calculated by the model. 
4.5 Conclusion 
We have presented in this chapter the hardware and software implementation 
method to determine the residual dipole moment of the spacecraft. This method 
is applied and tested on the ground with the engineering model of the Alsat-1N 
boom payload in a Helmholtz coils arrangement. We have then used an air coil 
to validate the obtained result of the algorithm, as the dipole magnitude of any 
coil and its direction can easily be calculated as a function of the number of 
windings in the coil, its area and the current which is put through the coil. The 
obtained results that are the magnitude, the centre of the dipole and its 
orientation are then used as an input for the dipole mitigation system, which 
will be presented in the following chapter. As a result of the successful outcomes 
obtained by the method described in this research to characterise the dipole 
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moment of the spacecraft, and since this method is mainly designed for in-orbit 
characterisation of the residual dipole moment and has proven its performance 
on the ground, we believe that this method can be generalised to determine the 
magnetic dipole moment of any magnetic source for magnetic cleanliness 
purposes. 
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CHAPTER 5 
5 Magnetic Dipole Moment Mitigation 
of CubeSats - Methodology and 
Experiments 
In this chapter, we present and discuss the magnetic cleanliness techniques, and 
the residual dipole moment mitigation methods used in the ground for most 
spacecraft, and we then apply the residual dipole moment determination method 
described in Chapter 4 to mitigate the resultant magnetic torque of the 
spacecraft. This method is used to mitigate the dipole moment of the engineering 
model of the Alsat-1N boom payload using the 3-D Helmholtz coils. This method 
can be combined with any ADCS system to significantly reduce the effect of 
magnetic disturbances in-orbit and in real-time. 
5.1 Magnetic Cleanliness Program 
Spacecraft cannot be integrated without incurring a residual magnetic field 
generated from DC contamination spacecraft or low-frequency magnetic field. 
This is caused by the wiring and the electronic/electromechanical components 
or any ferromagnetic materials on board the spacecraft (Kuegler, 2001). This 
can be a significant source of attitude disturbance for the spacecraft, and the 
critical instruments or sensors of the mission (e.g., magnetometers) need to be 
protected from these spurious magnetic fields if the external field needs to be 
measured accurately. 
To reduce the magnetic sources on board  the satellite and its impact on the 
attitude of the spacecraft, it is extremely requested to run a so-called magnetic 
cleanliness program on each part or subsystem of the spacecraft by employing 
the following plan to achieve acceptable magnetic cleanliness level by ensuring 
that the spacecraft magnetic field stays sufficiently low (Ley et al., 2009; Terral, 
2005): 
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 avoid using ferromagnetic materials wherever possible; 
 identify any magnetic sources as early as possible and then minimise 
them; 
 identify and characterise the magnetic sources by measuring and 
modelling their magnetic behaviour; 
 identify and reduce the current loops in cabling and solar panels (Ley et 
al., 2009), (e.g., by using the typical method of twisting power and return 
cables together to dramatically reduce the field emission (Ludlam et al., 
2008; Pudney, 2014)); 
 measure and calculate the influence of all magnetic sources on the 
instruments; 
 use magnetic field compensation methods to minimise the residual 
magnetic field at the location of the instrumentation (Ley et al., 2009). 
The success of any magnetic cleanliness campaign relies mainly upon the best 
engineering practice (Ley et al., 2009; Acuña, 2004) and ensuring that each part 
on the spacecraft that has its residual magnetic field emission has been 
characterised and compensated. 
5.1.1 Current Loops on Spacecraft Solar Arrays 
The effect of an electric current through wires or illuminated solar cells and the 
associated array wiring can be illustrated with reference to Figure 5-1. Due to a 
current I in an elemental conductor (or in an elemental solar cell) of length dl, 
the generated magnetic flux density dB at a point (x, y, z) in a Cartesian 
coordinate system is obtained experimentally and called Biot–Savart law, and 
given by Equation (5.1) (Rauschenbach, 2012; Bansal, 2006): 
ᵃ�ᵃ�           =  µ 
4ᵰ�
 ᵃ� ᵃ�ᵅ�
       × ᵅ�⃗
ᵅ� 
 (5.1) 
where: 
µ   is the permeability of free space 
ᵅ� is the vector from the current element I dl to the point (x, y, z). 
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The total field (B) has three directional components, Bx, By, and Bz, and it is 
obtained by summing over all current elements ᵃ�ᵃ�ᵅ� (Rauschenbach, 2012). 
The electrical currents on solar arrays and power cables produce current loops 
that exert undesirable magnetic torques on the satellite. Therefore, it is crucial 
to reduce this torque by laying out the solar cell circuits and cabling such that 
the magnetic torques can cancel each other (Rauschenbach, 2012). 
5.1.2 Magnetic Cleanliness on Spacecraft Solar Arrays 
The current flowing in solar panels (cells and their associated wiring) always 
generates a residual magnetic field (Stern and DeLapp, 2004). Magnetic 
cleanliness on solar cell arrays is affected by their electrical current patterns and 
by the presence of any magnetic materials on the array itself. 
Magnetic cleanliness on solar cell arrays may be defined by these three design 
features (Rauschenbach, 2012): 
1. use of a solar cell circuit topography which can minimise the magnetic 
field about a current loop that encompasses the array surface and leads 
to a magnetically induced dipole; 
2. arrange solar cells circuits to minimise the local magnetic field at a given 
location relative to the entire array; 
Figure 5-1: Magnetic field due to a current-carrying wire 
(Rauschenbach, 2012) 
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3. use solar cell circuit designs that are able to minimise the total magnetic 
field intensity and its direction vector such that low energy charged 
particles in the plasma through which the array travels are disturbed as 
minimum as possible. 
Several practical methods have been described in the literature, which can 
reduce these current loops. An example of these techniques is to minimise the 
enclosed current loop area and run equal size loops in opposite directions to 
reduce the induced magnetic moment vectors (Stern and DeLapp, 2004). 
Another example of a rigorous application of magnetic cleanliness program on 
CubeSats solar arrays is TASC (Triangular Advanced Solar Cell) and UTJ 
(Ultra Triple Junction) solar cells, in which, each cell (or string of cells) has a 
pair partner that is rotated by 180 degrees, cancelling the majority of the 
magnetic field induced by each cell (Figure 5-2) (Shaffer, 2013).  
Figure 5-2 shows a pair of TASC cells, where the majority of the magnetic field 
produced by each cell current loop is cancelled out by the opposite cell. As can 
be seen in Figure 5-3, this type of cell has flown in ELFIN  (Electron Losses and 
Fields Investigation) CubeSat, they are developed by the Earth, Planetary, and 
Space Sciences department at UCLA (University of California Los Angeles) and 
launched on the 15th of September 2018 (Shaffer, 2013). 
Further reductions in the current loops are possible by “back-wiring” the solar 
panels so that the return lines of the solar cell strings are routed along the 
backside of the solar cells such that the direction of the current in the solar cells 
is opposite to the direction of the current in the back-wires (Rauschenbach, 
2012). 
Figure 5-2: Magnetic cleanliness practice on TASC solar cell pair 
(Shaffer, 2013) 
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 The method of mutual compensation on solar panels can be extended to DC 
magnetic moment compensation. For example, the orientation of motors or other 
equipment can be used to counter any other significant moment on the satellite. 
This method was used for the placement of Radio-Thermal Generators (RTGs) 
on the Cassini spacecraft (Mehlem and Narvaez, 1999; Pudney, 2014). 
Although many techniques have been described in the literature and applied on 
CubeSats applications which allow minimising the magnetic fields generated by 
solar panels, the near magnetic field contributions cannot be completely removed 
(Stern and DeLapp, 2004), therefore, applying in-orbit dynamic magnetic dipole 
moment compensation methods is paramount. 
5.1.3 Demagnetisation of Ferromagnetic Parts of the spacecraft 
In the cases, in which high accuracy of attitude control is required, we apply a 
so-called “Demagnetisation” or “Degaussing” techniques on the ferromagnetic 
parts individually and prior the assembly in order to reduce the magnetic field 
generated by each part of the spacecraft. Many demagnetisation methods are 
used in the literature and are described in details in (Lovejoy, 1993). An example 
of this, is by probing the part’s field with magnetic sensors after manufacturing 
to identify the magnetised regions, followed by the placing of small magnets to 
the structure to counteract the inherited magnetic fields (Harris, 1967; Lovejoy, 
1993). 
Figure 5-3: TASC and UTJ solar array layouts (Shaffer, 2013) 
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Another technique is by exposing the ferromagnetic part to a highly controlled 
AC degaussing field, as high as 0.06T for a period of time, assuring a lower level 
of remanent magnetisation. The components being demagnetised are placed in 
a controlled AC magnetic field, and a rotating table on three axes as the 
magnetic field is increased and then return the magnetic field to its lowest level. 
As this process cannot be achieved in the presence of the Earth’s magnetic field, 
the effective demagnetisation can be established either by placing the parts in 
an EMC (Electro-Magnetic Compatibility) test facility or a 3-axis Helmholtz 
coils system. The intensity of the ambient magnetic field during this process 
must be reduced to near zero (< 0.5µT) while these parts are being 
demagnetised (Harris, 1967; Lovejoy, 1993). 
5.1.4 Magnetic Shielding 
Electromagnetic shielding techniques can be used against Electromagnetic 
Interference (EMI) to reduce the electromagnetic field generated by any device 
or component by blocking, reflecting, absorbing or redirecting their electric and 
magnetic fields with barriers. Shielding is applied to isolate electrical devices 
from their surroundings field or to prevent the magnetic field from infecting the 
spacecraft, sensors, payloads or even electric propulsion devices from the 
unwanted magnetic field. The amount of reduction of the magnetic field depends 
upon the type of material used for shielding, its thickness, the size of the shielded 
part and the frequency of the fields of interest (Hemming, 2000; Celozzi et al., 
2008; Levchenko et al., 2018; Tummala and Dutta, 2017). 
1. Shielding Effectiveness 
The electromagnetic field can be reduced by increasing the shielding 
effectiveness of the material around the devices (Micheli et al., 2014). Shielding 
Effectiveness (SE) is sometimes called the Electric field Shielding Effectiveness 
(ESE) or the Magnetic field Shielding Effectiveness (MSE), is a parameter used 
for shielding evaluation, and it is typically defined as the ratio between the 
magnitude of the incident magnetic field to the barrier (ᵃ� ), and the magnitude 
of the transmitted field (ᵃ� ) (Gooch and Daher, 2007; Bansal, 2006): 
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 ᵃ�ᵃ� =     
→
  
→
   (5.2)  
 ᵃ�ᵃ�(dB) = 20log      
ᵃ� 
ᵃ� 
   (5.3) 
Many factors define the effectiveness of electromagnetic shielding, including 
(Gooch and Daher, 2007): 
 the incident electromagnetic field frequency; 
 the shield material parameters that include conductivity, permittivity, 
and permeability; 
 the thickness of the shield; 
 the electromagnetic field source type (magnetic field, electric field, or 
plane wave); 
 the distance between the source and the shield; 
 the shield degradation which is caused by any shield apertures; 
 the quality of the bond between shielding metal surfaces.  
2. Shielding Materials 
Effective shielding can be achieved by a good selection of shielding materials 
(Fortescue et al., 2011). A variety of advanced materials have been developed 
and used for electromagnetic shielding for various enclosures level, connector 
and cable shielding, grounding, bounding, and integral assembling (Tong, 2016).  
Table 5 shows the electrical properties for the typical materials used for 
electromagnetic shielding at 150kHz (Hemming, 2000). Notably, aluminium is 
frequently used as a structural material, and it is one of the worst materials to 
be used for shielding (Fortescue et al., 2011).  
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Table 5: Electrical properties of shielding materials at 150kHz (Hemming, 
2000). 
Characteristics Relative  
Conductivity σ 
Relative  
Permeability µ 
Absorption Loss (dB) 
1mm thick 1mil thick 
Silver  
Copper, annealed  
Copper, Hard-Drawn  
Gold 
Aluminium         
Magnesium  
Zinc  
Brass  
Cadmium  
Nickel  
Phosphor-Bronze  
Iron  
Tin  
Steel, SAE 1045  
Beryllium  
Lead  
HyperNick  
Monel  
Mu-metal  
Permalloy  
Steel, Stainless  
MetShield 
1.05  
1.00  
0.97  
0.70  
0.61  
0.38  
0.29  
0.26  
0.23  
0.20  
0.18  
0.17  
0.15  
0.10  
0.10  
0.08  
0.06  
0.04  
0.03  
0.03  
0.02  
0.01 
1  
1  
1  
1  
1  
1  
1  
1  
1  
1  
1  
1000  
1  
1000  
1  
1  
80000  
1  
80000  
80000  
1000  
60000 
51.96  
50.91  
49.61  
42.52  
39.76  
31.10  
27.57  
25.98  
24.41  
22.83  
21.65  
665.40  
19.69  
509.10  
16.14  
14.17  
3484.0 *  
10.24  
2488.0 *  
2488.0 *  
224.4  
3000.0 * 
1.32 
1.29 
1.26 
1.08 
1.01 
0.79 
0.70 
0.66 
0.62 
0.58 
0.55 
16.90 
0.50 
12.90 
0.41 
0.36 
88.50 * 
0.26 
63.20 * 
63.20 * 
5.70 
75.00 * 
 
The last two columns of Table 5 represent the absorption loss at 150kHz for 
both one milli-metre (mm) and one milli-inch (mil) tick sheet for each of the 
listed materials. Note that the absorption loss is expressed in decibels (dB) and 
is proportional to the shield material thickness and depends on the frequency of 
the electromagnetic wave frequency to be shielded against (Hemming, 2000; 
Sharp, 1978). 
*Assuming that the material is not magnetically saturated (Hemming, 2000). 
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An example of a good and cheap material to be considered for magnetic shielding 
is Mu-Metal, which is a nickel-iron soft magnetic alloy with very high 
permeability, making it well suited for numerous magnetic shielding 
applications. It is recently widely used in the case of CubeSats applications. For 
instance, the new CubeSpace ADCS wheels (CubeWheel) are covered in Mu-
Metal, to protect the rest of the spacecraft from the strong magnets inside the 
motor of the wheel (Kearney, 2017). 
Table 6 shows the magnetic properties of Mu-Metal materiel: 
Table 6: Mu-Metal magnetic properties (Yadav, 2016) 
 
Characteristics Value Units 
Density  8.7 g/cm3 
Relative Permeability 80000 Hm−  
Young’s Modulus 225 GPA 
Poisson Ratio 0.29   - 
Yield Strength 280 MPa 
Ultimate Tensile Strength 700 MPa 
Thermal Conductivity 19 W/(mK) 
Specific Heat 460 J/(kgK) 
Melting Point 1440 ˚C 
Resistivity 55 (Ωm) 
 
5.1.5 The satellite Layout Optimisation Design Approach 
Another technique can be applied to reduce the dipole moment of the spacecraft 
considerably is by optimising the layout of the spacecraft by managing properly 
the residual magnetic moment generated by different electronic components 
during the design of the spacecraft. This method consists in measuring or 
estimating the dipole moment of each part or subsystem of the spacecraft, then 
designing the layout of the spacecraft in such a way that the dipole of each part 
of the spacecraft can be cancelled by another part. 
Note: The cost of Mu-Metal varies from 1$ to 10$ for small sheet of few inches. 
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A few pieces of research have considered this technique for nanosatellites. Very 
recently, Chen et al. (2018a) have proposed a new approach called “the Satellite 
Layout Optimisation Design (SLOD)” approach for minimising the residual 
magnetic flux density of micro- and nano-satellites. This method aims to reduce 
the global residual moment of the spacecraft by placing components of the 
satellite in optimum positions and orientations to meet the engineering design 
requirements; this includes: 
 the alignment of the principal axis of inertia; 
 the constraints on system centroid errors; 
 the minimisation of moments of inertia; 
 the uniform heat distribution of satellite thermal field and mission 
requirements. 
As the magnetic field of the spacecraft  can be represented by a limited number 
of magnetic moment dipoles, their relationship is given as following (Kapsalis et 
al., 2012; Riwanto, 2015):  
 ᵆ�      (ᵅ�  ) = 
ᵰ� 
4ᵰ�
   3ᵅ� ̂ (ᵅ� ̂  ∙ ᵅ�        ) − ᵅ�        
|ᵅ� ⃗ | 
 
  
 = 
 (5.4) 
where: 
ᵆ�      (ᵅ�  )  is the magnetic field at the location ᵃ�(ᵅ�, ᵅ�, ᵅ�) 
ᵰ�    is the permeability of the free space 
ᵅ�          is the magnetic dipole moment 
ᵅ�ᵃ⃗�ᵅ�   is the vector from the dipole to (ᵅ�, ᵅ�, ᵅ�) 
ᵅ�ᵃ̂�ᵅ�   is the unit vector in the direction of ᵅ�ᵃ⃗�ᵅ�  
ᵅ�ᵃ�  is the number of elementary dipoles  
An example of this approach is the Improved Accelerated Particle Swarm 
Optimisation (IAPSO) algorithm with gradient-based Sequential Quadratic 
Programming (SQP), it is developed to search for the optimal layout solution 
of the spacecraft (Chen et al., 2018a; Chen et al., 2018b). 
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Although the application of the magnetic cleanliness methods on the ground 
reduces the magnetic disturbance of the spacecraft considerably, these 
disturbances cannot be eliminated. Thus, it is paramount to apply in-orbit 
estimation and mitigation methods of the residual magnetic moment in order to 
achieve accurate attitude control of nanosatellites. 
5.2 In-Orbit Residual Magnetic Dipole Moment 
Mitigation for Nanosatellites in the Literature  
There are a very limited number of nanosatellites in the literature that 
characterises and mitigates the residual dipole moment in orbit. All these 
missions use different methods to estimate rather than calculate the residual 
dipole moment of the spacecraft either on the ground or in orbit. These methods 
have been presented and discussed in Chapter 3. 
5.3 Proposed Residual Moment Mitigation Method 
After discussing different methods of the magnetic cleanliness program that 
needs to be carefully applied during AIT (Assembly, Integration and Testing) 
phase to reduce the current loops and the residual magnetic fields on the 
spacecraft, a novel method is proposed in this research to characterise and 
compensate the magnetic disturbance in orbit and in real-time, this method is 
fundamentally based on two key steps. We first apply the method described and 
validated in Chapter 4, to determine the residual magnetic dipole moment in 
orbit and in real-time by measuring the magnetic field of the spacecraft 
accurately. Then ultimately, the magnetorquers on board the satellite are used 
by the ADSC control loop to apply a controlled torque in the counter-direction 
of the calculated magnetic dipole to compensate the magnetic disturbance. 
5.3.1 Design Overview and Hardware Implementation 
The new technique proposed in this research to mitigate the magnetic field 
disturbance uses a network of eight miniature 3-axis magnetometers distributed 
around the spacecraft (Figure 5-4) to measure the magnetic field, we then apply 
the method described in Chapter 4, to determine the dipole moment of the 
spacecraft. The measurements are synchronised so that the magnetic field can 
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be accurately characterised at a particular instant of time. Therefore, the 
residual magnetic dipole of the spacecraft can be characterised and countered 
on the ground, then in orbit and in real-time, such that the calculated dipole by 
our model is available to the ADCS control loop so that the dynamic dipole of 
the spacecraft can be compensated using the in-built electromagnets.  
 
Figure 5-4: The initial proposition of magnetometers layout (near-field) on a 
typical 3U CubeSat 
The eight body magnetometers of the spacecraft serve as an input to the 
algorithm, which determines the strength, the centre and the direction of the 
magnetic dipole moment of the spacecraft. The external magnetometer is needed 
to measure the external magnetic field.  
For the ground mitigation method: 
 Helmholtz coils test facility is used to nil the external (Earth’s) magnetic 
field and replace the external magnetometer. 
 The dipole calculated by the model can be easily compensated by 
applying the same magnetic dipole magnitude in the opposite direction, 
and this can be applied either for the entire spacecraft or preferably for 
each subsystem, as this technique is strongly recommended to be applied 
for each subsystem or payload. 
Internal Magnetometers  
External Magnetometers 
  
 
- 116 - 
 
 
For the in-orbit mitigation method: 
 The external magnetometer is used as a reference reading of the Earth’s 
magnetic field, and this value must be deducted from the spacecraft body 
magnetometers readings. 
 The calculated dipole by the residual dipole determination model is 
available to the ADCS control loop so that this dipole can be 
compensated using the in-built electromagnet. 
 The dynamic dipole moment of the spacecraft can be mitigated in orbit 
every 2.5s. However, it is recommended to opt for bigger time such as 5 
seconds, as the Earth’s magnetic field dos not vary quickly over time in 
orbit. 
Both on-ground and in-orbit methods can be applied, as the first one reduces 
the dipole moment of the spacecraft significantly on the ground and reduces the 
load on the onboard  ADCS control loop and the magnetorquers. The remaining 
residual dipole can be compensated in orbit using the proposed in-orbit dipole 
characterisation method or even only estimation methods if the dominant dipole 
moment is compensated on the ground by applying rigorous magnetic cleanliness 
program and by applying our proposed dipole mitigation method on the ground. 
Figure 5-5 shows a system diagram for the in-flight concept. 
Figure 5-5: In-orbit residual magnetic moment determination and cancellation 
strategy 
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As the dynamic magnetic field of nanosatellites is assumed to be a dipole (Turer 
and Sevgi, 2016; Tossman, 1965; Jéger, 2017), the layout of the magnetometers 
was initially chosen to be just outside the spacecraft body (Figure 5-4). However, 
the magnetic field of the spacecraft is a multi-pole in the near-field and can only 
be observed and considered as an equivalent dipole moment in the far-field 
(Figure 5-6). 
The magnetic field outside the localised source as a function of the generated 
dipole in free space is given by Equation (1.2) (Jackson, 1999; Arfken et al., 
2013; Markley and Crassidis, 2014; Balaji and Nelson, 2014): 
 ᵃ�     (ᵅ�) = 
μ 
4π
 3ᵅ�(̂ᵅ�       ∙ ᵅ�)̂
|ᵅ�|⃗ 
− ᵅ�      
|ᵅ�|⃗ 
  (5.5) 
where:  
ᵃ�     (ᵅ�) is the magnetic field at the location ᵃ�(ᵅ�, ᵅ�, ᵅ�)  
ᵰ�   is the permeability of the free space 
ᵅ�       	 is the magnetic dipole moment 
Figure 5-6: Near-field versus far-field illustration on 3U CubeSat 
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ᵅ� ⃗ is the vector from the dipole to (ᵅ�, ᵅ�, ᵅ�) 
ᵅ� ̂ is the unit vector in the direction of ᵅ� ⃗
Hence, the dipole approximation characterisation of the magnetic model of the 
spacecraft is used (Equation (5.5)), and consequently, the layout of the 
magnetometers had to be reconsidered to respect the far-field scaling. Figure 5-7 
shows the revised and the final layout of the magnetometers, considering the 
far-field scaling. 
Figure 5-7: Far-field magnetometers layout on a typical 3U CubeSat 
 
The condition of the far-field boundary (R > D distance from the source) is 
confirmed and validated experimentally on the boom payload of Alsat1-N. It 
has been found that ᵃ� = 10cm distance from the source is just enough to 
determine the equivalent dipole moment, using the network of magnetometers 
technique. However, the dipole cannot be calculated when the sensors are too 
close to the source. The near field and far field scaling are discussed in detail in 
Chapter 3. 
Body Magnetometers  
Earth’s Magnetic Field 
Sensor 
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5.3.2 Software and Hardware Design 
Both software and hardware designs of the spacecraft residual dipole moment 
determination are described in detail in Chapter 4. For the dipole mitigation 
testing and validation experiments we have used the Alsat1-N boom payload 
instead of the entire Alsat1-N 3U CubeSat, as the Alsat1-N CubeSat doesn’t fit 
in the Helmholtz coils test facility considering the far-field scaling limit. We then 
used an air coil (Figure 5-8) to compensate the calculated induced dipole. 
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Figure 5-8 Magnetic moment mitigation of Alsat1-N boom payload using 
an air coil 
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5.4  Test Results and Discussion 
The ground testing technique described above was applied to the engineering 
model of the boom payload of Alsat-1N, which represents a one-unit CubeSat 
(1U) inside the 3-Axis Helmholtz coils (Figure 5-8). As the condition of the far-
field limit introduced in Chapter 3 cannot be satisfied to determine the dipole 
moment of the entire Alsat1-N CubeSat using a small 3-Axis Helmholtz coils 
(0.5m x 0.5m x 0.5m). We have chosen to measure and counter and duplicate 
the magnetic dipole moment of the Alsat1-N boom payload, as this payload 
contains permanent magnets in its motor and represents the strongest source of 
the magnetic field on Alsat1-N CubeSat. This test was conducted when the 
payload is turned off inside the Helmholtz coils over 25 minutes, we determined, 
duplicated, and countered the static magnetic dipole of the boom payload. The 
calculated dipoles by the model over the test period are illustrated in Figure 5-9.  
The blue line in Figure 5-9 shows the calculated dipole magnitude of the 
engineering model of Alsat-1N boom payload, computed every 2.5s over 25 
minutes period. This experiment is divided into four tests; they are indicated by 
four different colour areas in Figure 5-9. 
 
  Figure 5-9: Dipole moment mitigation and replication applied on the EM of 
Alsat-1N boom payload 
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1. Zone 1 (light-yellow colour zone): represents the calculated dipole of the 
boom payload without applying any dipole moment. 
2. Zone 2 (light-green colour zone): represents the calculated resultant 
dipole magnitude when we apply external counteracting magnetic dipoles 
generated by the air coil, this dipoles is identical to the calculated dipole 
of the boom payload. In this case, the dipole of the boom payload is 
mitigated, and the resultant dipole calculated by the system is equal to 
zero.  
3. In Zone 3 and Zone 4 (in light and dark blue colour zone respectively), 
we applied to the boom payload in the same dipole direction an identical 
external magnetic dipole generated by the air coil in Zone 3 and doubled 
in magnitude in Zone 4 (Figure 5-8). It can be seen from Figure 5-9 that 
the magnitude of the resultant dipole are doubled in Zone 3 and tripled 
in Zone 4, where the boom and the air coil dipole are added up. The 
green line in Figure 5-9 represents the calculated dipole of the boom 
payload illustrated in Zone 1 (the mean of the first 100 measurements) 
multiplied by two (2 ∙ S). However, the red line represents the calculated 
dipole of the boom payload illustrated in Zone 1 multiplied by three (3 ∙
S), where we can see that the resultant dipole magnitude in blue line 
(calculated by the model) is equal to the magnitude of the dipole moment 
of the boom multiplied by two and three in Zone 3 and Zone 4 
respectively.  
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The following figure shows the difference in percentage (%) between the 
calculated dipole by the model and the expected dipole magnitude for each zone 
(2, 3 and 4). We have considered in Figure 5-10 the mean of the first 100 
measurements of the dipole moment of the boom payload calculated by the 
model in Zone 1 as a reference. 
 
 
The last two figures demonstrate that the calculated dipoles by the full system 
(hardware and software) is capable of characterising the dipole moment of the 
spacecraft, and by applying the exact dipole in the opposite direction, the total 
magnetic dipole moment of the spacecraft boom payload is eliminated by 98.9% 
(Figure 5-9 and Figure 5-10). 
5.4.1 Validation Method 
To validate the obtained results, we conducted three different experiments. They 
consist in the measurement of the magnetic dipole moment in various 
arrangements. Firstly, two strong permanent magnets, secondly, four weak 
permanent magnets and finally, a strong magnet with an air coil driven by 
2.2Amps current. We used the 3-axis Helmholtz coils test facility to nil out the 
Earth’s magnetic field. The eight magnetic sensors are put in a similar position 
as the proposed flight configuration for 1U CubeSat.  
  Figure 5-10: Dipole error of the applied external mitigation and replication 
dipoles on the EM of Alsat-1N boom payload 
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These tests were performed by putting the magnets and the air coil in the middle 
of the magnetometers network setup, all inside the Helmholtz coils.  
5.4.1.1 Strong Permanent Magnets Dipole Determination and 
Mitigation Method 
In the first experiment, we measured the dipole moment of two strong magnets 
with the same size and different magnitude, and their values are 1.19Am2 and 
1.52Am2 (Figure 5-11,Figure 5-12).  
 
 
  
  Figure 5-11: Dipole moment determination of a strong magnet 
Strong magnet  
Two strong magnets 
  Figure 5-12: Dipole moment determination of two strong magnets 
magnet 
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This experiment is performed in five steps, and the results are indicated by five 
different colour areas in four graphs (from Figure 5-13 to Figure 5-16). 
 
The blue line in Figure 5-13 represents the calculated magnitude of the dipole 
moment of two strong permanent magnets (magnet-A for Zone 2 and magnet-
B for Zone 3) inside the Helmholtz coils, computed every 2.5s over 9 minutes 
period, and placed in various disposition: 
1. Zone 1 (light-yellow colour zone): represents the dipole calculated by the 
model inside the Helmholtz coils where the external field is cancelled, 
and without placing any magnet inside. In this configuration the 
calculated dipole is equal to zero. The Helmholtz coils is turned on during 
the whole test. 
2. Zone 2 and Zone 3 (light-green and light-blue colour zones) represent 
the calculated dipole moment of one magnet for each region, the dipoles 
calculated by the system of magnet-A and magnet-B are equal to 
1.19Am2 and 1.52Am2, respectively. 
3. Zone 4 (dark-yellow colour zone) represents the calculated dipole 
moment of both magnets placed together in the opposite polarity 
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Figure 5-13: Dipole moment determination and cancellation of two strong 
magnets 
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(Figure 5-13). It can be seen in Figure 5-13 that the resultant dipole 
magnitude calculated by the system in the blue line is equal to 2.7Am2. 
This value equals the total of the dipole illustrated in the green line and 
calculated for both magnets independently in Zone 2 and Zone 3 
(1.52+1.19Am2) with 0.17% error illustrated in Figure 5-16. 
4. In Zone 5 (dark-blue colour zone), the blue line represents the calculated 
dipole moment of both magnets placed near each other in the same 
polarity. It can be seen from Figure 5-13 that the resultant dipole 
magnitude calculated by the system in the blue line is equal to 0.29Am2. 
This value equals the difference between the calculated dipoles (red line) 
of both magnets independently (1.52 - 1.19Am2) with 13.58% error in 
overage illustrated in Figure 5-16. This error characterises the residual 
field of both magnets placed together, since the magnets repeal when 
they are placed together in the same polarity, and it is quite difficult to 
place them aligned.  
 
 
Figure 5-14: The measured dipole centre of two strong magnets in various 
disposition 
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The measured dipole direction vectors of the two strong magnets in various 
conditions are illustrated in Figure 5-15, and they are in the right direction 
which is in (-X) direction. No data are displayed in Zones 1 as no dipole is 
applied.  
The following figure shows the difference in percentage (%) between the 
calculated dipole by the model and the expected dipole magnitude for Zone 4 
and Zone 5 in Figure 5-13. We have considered in Figure 5-16, the dipole 
moment of both magnets computed by the model (in Zone 2 and Zone 3 in 
Figure 5-13) as a reference. 
Figure 5-15: The measured dipole direction vector of two strong magnets in 
various disposition 
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Figure 5-16: Dipole moment error of two strong magnets when placed together  
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5.4.1.2 Weak Permanent Magnets Dipole Moment 
Determination and Mitigation Method 
 
 
 
 
 
 
We measured in this second experiment the dipole moment of four small and 
weak magnets with the same size and different magnitude (Figure 5-17), their 
calculated dipole magnitude values are 0.121Am2, 0.120Am2, 0.123Am2 and 
0.118Am2. The results of this experiment are illustrated in Figure 5-18 to 
Figure 5-21. 
Figure 5-18: Dipole moment determination and cancellation of four weak 
magnets 
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The blue line in Figure 5-18 represents the calculated dipole magnitude of four 
small and weak permanent magnets inside the Helmholtz coils, computed every 
2.5s over 18 minutes period, placed in various disposition. This experiment is 
carried out in ten steps indicated by ten different colour areas in four graphs 
(from Figure 5-18 to Figure 5-21): 
1. Zone 1 (light-yellow colour zone) represents the dipole moment 
calculated by the model inside the Helmholtz coils where the external 
field is cancelled, and without placing any magnet inside. In this 
configuration, the calculated dipole is equal to zero. The Helmholtz coils 
is turned on during the whole test. 
2. Zone 2, Zone 3, Zone 4 and Zone 5 (graduated blue colour zones) 
represent the dipole moment magnitude of all small magnets calculated 
independently. Each region represents the dipole of one magnet, and 
their magnitudes are 0.121Am2, 0.120Am2, 0.123Am2 and 0.118Am2. 
3. Zone 6 and Zone 7 (light and dark green colour zones respectively) 
represent the calculated dipole moment of two pairs of magnets placed 
together in the opposite polarity. The calculated dipole magnitude in the 
blue line in Zone 6 equals 0.242Am2, and it is equal to the sum of the 
dipole magnitudes of the two magnets (0.121+0.120Am2) illustrated by 
green line in Zone 6 and calculated independently in Zone 2 and Zone 3. 
The error is represented in Figure 5-21, and it is only 0.69%. The same 
result is obtained with the other two magnets illustrated in Zone 7 
(0.244Am2) compared to the dipoles calculated independently in Zone 4, 
and Zone 5 (0.123+0.118Am2 illustrated in the red line), the error, in 
this case, is only 1.06%. 
4. In Zone 8 (purple colour zone) the blue line represents the calculated 
dipole moment magnitudes of all magnets placed near each other in the 
same polarity. It can be seen that the resultant dipole magnitude 
calculated by the system is equal to 0.491Am2. This value equals the 
sum of dipoles of all magnets calculated independently (Zone 2 to Zone 
5) with 1.71% error represented in Figure 5-21. We believe that this error 
is due to the misalignment of the small magnets and could be improved 
if the magnets were bigger, as seen in the previous experiment with 
bigger and stronger magnets where the error was only 0.17%. 
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5. Zone 9 and Zone 10 (graduated red colour zones) represent the calculated 
dipole moment of two pairs of magnets placed near each other in the 
same polarity. The resultant dipole calculated by the system in the blue 
line is equal to 0.009Am2, 0.011Am2, respectively. This value equals the 
difference between the calculated dipoles of magnets independently 
(0.120 – 0.121Am2) and (0.123 – 0.118Am2), respectively. The error is 
6.83% and 5.56%, and it is represented in Zone 9 and Zone 10 in 
Figure 5-16 since the magnets repeal when they are placed together in 
the same polarity, and it is quite difficult to place them aligned. 
As can be seen in Zones 2 to 8 in Figure 5-19 , the centres of the dipole moments 
of the four small weak magnets measured by the model, equal to the factual 
magnets position (Figure 5-17) which is equal to (0, 0.02, 0)m, the error in the 
dipole centre positions is very small. However, the centre is not accurate in Zone 
9, and Zone 10 as the dipole is close to zero. No data are displayed in Zone 1 as 
we have not put any magnet inside the Helmholtz coil.  
The measured dipole directions vector of the four small weak magnets in various 
conditions are illustrated in Figure 5-20, and they are in the right direction and 
Figure 5-19: The measured dipole centre of four weak magnets in various 
conditions 
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the (-X) direction. No data are displayed in Zone 1, as we have not put any 
magnet inside the Helmholtz coil.  
The following figure shows the difference in percentage (%) between the 
calculated dipole magnitude by the model and the expected dipole magnitude 
for each zone (6, 7, 8, 9 and 10). We have considered in Figure 5-21, the dipole 
moment of magnets characterised by the model (Zone 2 to Zone 5 in Figure 5-17) 
as a reference. 
Figure 5-20: The measured dipole direction vector of four weak magnets in 
various disposition 
Figure 5-21: Dipole moment error of four weak magnets when placed together  
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5.4.1.3 Strong Permanent Magnets and Air Coil Dipole 
Moment Determination and Mitigation 
 
 
 
 
 
 
In this third and last validation test, we measured the dipole moment of a strong 
magnet and an air coil driven by a constant current which is equal to 2.2Amps 
(Figure 5-22), and their dipole magnitudes are equal to 1.66Am2 and 1.74Am2 
respectively. This experiment is carried out in five steps indicated by five 
different colour areas in four graphs, from Figure 5-23 to Figure 5-26. 
  Figure 5-23: Dipole moment determination and cancellation of the air coil 
and the strong magnet 
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The blue line in Figure 5-23 represents the calculated dipole magnitude of the 
strong permanent magnet and the magnetic air coil inside the Helmholtz coils, 
computed every 2.5s over 12.5 minutes period, and placed in various disposition.  
1. Zone 1 (light-yellow colour zone) represents the dipole calculated by the 
model inside the Helmholtz coils where the external field is cancelled. In 
this configuration, the calculated dipole is equal to zero. The Helmholtz 
coils is turned on during the whole test. 
2. In Zone 2 and Zone 3 (light and dark green colour zones), the blue line 
represents the calculated dipole moment of the strong magnet, and the 
magnetic air coil, the resultant dipole calculated by the system is equal 
to 1.66Am2 and 1.74Am2 respectively. 
3. Zone 4 (light-blue colour zone) represents the calculated dipole moment 
of both magnet and air coil placed together in the opposite polarity 
(Figure 5-22). It can be seen in Figure 5-23 that the resultant dipole 
magnitude calculated by the system in the blue line is equal to 3.4Am2. 
This value equals the sum of the dipoles (green line) calculated for both 
magnet and air coil independently (1.66+1.74Am2) and is illustrated in 
Zone 2 and Zone 3, with an error of 2.7% illustrated in Figure 5-26. 
4. In Zone 5 (dark-blue colour zone), the blue line represents the calculated 
dipole moment of the magnet and the magnetic air coil placed near each 
other in the same polarity. It can be seen in Figure 5-23 that the 
resultant dipole magnitude calculated by the system in the blue line is 
equal to 0.29Am2. This value equals the difference between the calculated 
dipoles of the magnet and the air coil calculated independently in Zone 
2 and Zone 3, and it is equal to (1.74 – 1.66Am2),  with an error of 3.38% 
in overage illustrated in Figure 5-26. We believe that this difference is 
mainly caused by the fact that the magnet and the air coil are not 
perfectly aligned (Figure 5-22). 
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As can be seen in Figure 5-24, the centres of the dipole moment measured by 
the model change according to the position of the strong magnet and the air coil 
(Figure 5-22). 
1. Zone 1: No centre is represented, as no dipole is applied in this stage. 
2. Zone 2: The calculated dipole centre (0.023, 0.024, 0.001) represents the 
factual permanent magnet position, with a small error in X-axis (-0.005). 
3. In Zone 3, the calculated dipole centre (-0.007, -0.001, 0.000) represents 
the factual position of the magnetic air coil with a small error in X-axis 
(-0.007). 
4. Zone 4 represents the calculated dipole centre of both magnet and air 
coil placed together in the opposite polarity (Figure 5-22); it is equal to 
(0.008, 0.012, 0.001). It represents exactly the middle between the dipole 
centre of the magnet and the air coil when calculated independently. 
5. Zone 5 represents the calculated dipole centre of the strong magnet and 
the magnetic air coil placed near each other in the same polarity. The 
calculated centre is not accurate in this case, because the resultant dipole 
is very small. 
Figure 5-24: The measured dipole centre of the strong magnet and the 
magnetic air coil in various disposition 
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The measured dipole directions vector of the strong magnet and the air coil in 
various conditions are illustrated in Figure 5-25, and they are in the right 
direction which is in (-X) direction. No data are displayed in Zone 1 as we have 
not put any magnet inside the Helmholtz coil.  
Figure 5-26 shows the difference in percentage (%) between the calculated dipole 
by the model (Zone 4 and Zone 5) and the expected dipole magnitude of the 
magnet and the air coil in Figure 5-23. We have considered in Figure 5-26 the 
dipole moment of the magnet and the magnetic air coil characterised by the 
model (Zone 2 and Zone 3) in Figure 5-23 as a reference. 
Figure 5-26: Dipole moment error of the strong magnet and the magnetic air 
coil when they are placed together   
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Figure 5-25: The measured dipole direction vector of the strong magnet and 
the magnetic air coil in various disposition 
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5.5 Summary and Conclusion 
As discussed in this chapter all spacecraft have an associated magnetic field that 
depends on its material properties and the presence of current loops. Therefore, 
magnetic cleanliness program is an essential step in the development of 
CubeSats to achieve acceptable magnetic cleanliness level on board the 
spacecraft, prevent the boom-mounted magnetometer from the reading of the 
parasitic magnetic field of the spacecraft and considerably reduce the impact of 
the magnetic disturbances on the attitude of the spacecraft. This can be done 
by employing the following plan on each part or subsystem of the spacecraft. 
Even though the application of the magnetic cleanliness methods on the ground, 
discussed in this chapter reduces the magnetic disturbance of the spacecraft 
considerably, these disturbances cannot be entirely eliminated on the ground. 
M
iss
io
n 
D
es
ig
n 
 1 - Avoid any ferromagnetic materials on spacecraft. 
 2 - Minimize any magnetic source. 
A
ss
em
bl
y 
an
d 
In
te
gr
at
io
n 
3 - Identify and minimize any magnetic sources. 
4 - Apply magnetic shielding methods on strong magnetic 
sources. 
5 - Identify and reduce the current loops in cabling and 
solar panels. 
6 - Characterise the residual magnetic dipole moments. 
7 - Use RMM compensation methods to minimize the 
residual magnetic moment for each subsystem. 
8 - Demagnetize any ferromagnetic parts of the spacecraft
before the launch. 
 9 - Use in-orbit residual magnetic moment characterisation 
and compensation methods. 
In
-O
rb
it 
Figure 5-27: Magnetic cleanliness program on Satellites 
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Therefore, it is paramount to apply in-orbit characterisation and mitigation 
methods of the residual magnetic moment, to achieve accurate attitude control 
of nanosatellites. 
The results of the last three experiments demonstrate that the in-orbit magnetic 
dipole determination and mitigation method for CubeSats and nanosatellites 
proposed in this research, represented in the magnetometer network technique, 
the mathematical model and Levenberg-Marquardt algorithm, is capable of 
characterising the dipole moment of this class of spacecraft. We have proved 
that by applying the exact magnitude of the calculated dipole moment in the 
opposite direction, the total magnetic dipole moment of the spacecraft boom 
payload was eliminated by up to 98.9% (Figure 5-9 and Figure 5-10). 
We consider that the results obtained in the last two experiments with the air 
coil and permanent magnets validate the first experiment of the dipole 
determination and mitigation of the Alsat1-N boom payload. These experiments 
were repeated for several different configurations, including the positions of the 
sensors, similar results were obtained. 
As already discussed in the previous chapter, we believe that the small error in 
the magnitude of the dipole, on the direction of the dipole and the small shift 
in the obtained dipole centre are all due to: 
 the small errors in the measured position and orientation of the 
magnetometers 
 residual offsets and drift of the magnetometers 
 the air coil is not a “perfect” coil in the magnetic sense, as it has some 
length (5cm) as well as width (3cm) 
 the fact that the 3-axis Helmholtz coils test facility used in these 
experiments does not entirely cancel the Earth’s magnetic field 
 Levenberg-Marquardt algorithm errors, although it is the best method 
compared to many methods used in this research to solve such a 
complicated and overdetermined system of equations. There are always 
small errors in the solution. 
  
  
 
- 137 - 
 
 
6 Conclusion and Areas for Future Work 
CONCLUSION AND AREAS FOR 
FUTURE PROSPECTS 
In the last twenty years, CubeSats have attracted the interest of a wide range 
of satellite developers from many national space agencies, professional space-
tech companies and universities as a new tool of space development and research 
due to their low cost and ease of technology using COTS components and short 
development cycle. Given the power, volume, and cost limitations of CubeSats, 
several challenges must be addressed by the CubeSat community. One key 
challenge is the provision of a precise attitude determination and control system, 
as the small size of the satellite means less volume, less mass, and less power for 
sensors, actuators, and algorithms processing. 
Besides, many Nanosatellites/CubeSats have been observed to suffer from 
unwanted magnetic dipole moment, and the spacecraft attitude control system 
becomes more challenging to meet its requirements under the effect of the 
residual magnetic dipole moment. Post-flight analyses indicate this is often due 
to un-modelled magnetic moments (e.g. SNAP1 and CYGNSS nanosatellites), 
mostly caused by the current flowing in the spacecraft. Additionally, this 
magnetic moment is the dominant source of attitude disturbances for such 
platform as a consequence of its small moment of inertia. Whereas for traditional 
large satellites, the effect of the residual magnetic field on their attitude 
determination and control system is not dominant. Therefore, measures must 
be engaged to reduce the influence of the residual magnetic dipole moment on 
the ground and, ideally, any residual should be cancelled in-orbit, in order to 
achieve the required level of attitude control.  
We have investigated in this research the magnetic characteristics of CubeSats 
by studying and describing the sources of the residual magnetic moment and by 
evaluating the effect of the magnetic disturbance to the attitude of CubeSats. 
We have shown that all spacecraft have an associated magnetic field, and the 
sources of any magnetic contamination of spacecraft come from any part that 
can be considered to behave like a small static magnet, due to the material 
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properties and its magnetisation and current loops that exert undesirable 
magnetic torques on spacecraft. 
We have then discussed the measures that must be engaged to reduce current 
loops also called magnetic cleanliness program on each part or subsystem of the 
spacecraft to achieve acceptable magnetic cleanliness level and ensure that the 
spacecraft magnetic field stays sufficiently low. The success of any magnetic 
cleanliness campaign relies mainly upon the best engineering practice and 
ensuring that each part on the spacecraft has its residual magnetic field emission 
characterised and compensated. We have concluded that the application of the 
on-ground methods of magnetic cleanliness reduces the magnetic disturbance of 
the spacecraft considerably but cannot eliminate them. Therefore, it is crucial 
to apply in-orbit residual magnetic moment determination or estimation and 
mitigation methods in order to achieve accurate attitude control of 
nanosatellites. 
This thesis has presented a novel design based on physical measurements of the 
dynamic nature of the residual magnetic moment of the spacecraft to 
characterise and then mitigate the magnetic field disturbance of the satellite in 
orbit, and in real-time, using a network of eight magnetometers distributed 
around the spacecraft, such that the calculated dipole by the model is available 
to the ADCS control loop so that the dynamic dipole of the spacecraft can be 
compensated using the in-built electromagnets. The advantage of our technique 
is that the attitude control of the spacecraft can be improved without the need 
of changing the existing ADCS architecture – simply adding eight 3-axis 
magnetometers. In addition, this method can be applied on-ground and in-orbit, 
as the first one reduces the dipole moment of the spacecraft significantly on the 
ground and reduces the load on the onboard  ADCS control loop and the 
magnetorquers. The remaining residual dipole can be compensated in orbit using 
the proposed in-orbit dipole characterisation method or even only estimation 
methods if the dominant dipole moment is compensated on the ground by 
applying rigorous magnetic cleanliness program and by applying our proposed 
dipole mitigation method on the ground. 
The number of magnetometers and their disposition are chosen so that the 
system can collect as much as magnetic field information near the spacecraft. 
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We found that this layout and the number of sensors used by the system are 
optimal. Considering the minimum number of the magnetometers is seven, the 
system is capable of providing the same result presented in this chapter with 
only seven sensors instead of eight. However, the accuracy of the results 
decreases remarkably, when less than seven sensors are used. Therefore, we 
strongly recommend seven magnetometers as a minimum for precise results. 
A hardware prototype and a software model have been developed and 
successfully tested with the engineering model of the boom payload of Alsat-1N 
CubeSat, magnetic air coils, and permanent magnets in a Helmholtz coils 
arrangement. The system is capable of characterising the dipole moment of this 
class of spacecraft. We have proved that by applying the exact magnitude of 
the calculated dipole moment in the opposite direction, the total magnetic dipole 
moment of the spacecraft boom payload was eliminated by up to 98.9%. These 
experiments were repeated for several different configurations, including the 
positions of the sensors in the far-field, similar results were obtained. 
The accuracy we aim to achieve with the proposed method in this research 
depends on the full ADCS solution used in in-orbit, as this method is not a 
complete ADC system. It provides mainly magnetic cleanliness guidelines to 
CubeSats community in order to reduce the effect of the RMMs on the ground 
and in orbit, this improves any attitude stability and by consequence, the 
pointing accuracy.  
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6.1 Areas for Future Prospects 
Although the research presented in this thesis has contributed to the state-of-
the-art in the attitude stability of CubeSats by on-orbit magnetic dipole moment 
determination and mitigation and in the magnetic dipole determination 
applications in general, there are ways in which this research can be continued 
in its current path. The following recommendations are suggested for future 
research areas related to this work. 
 As the method proposed in this research has only been validated on the 
ground with the engineering model of the Alsat-1N boom payload using a 
small Helmholtz coils test facility, we aim to test this technique with a real 
3U CubeSat (e.g. EM of Alsat-1N) in a bigger Helmholtz coils test facility. 
 The second area for future research is a comparison of the result obtained 
in this research of the magnetic dipole determination by the far-field scaling 
method with the spherical harmonics modelling method by the near field 
scaling in terms of complexity, accuracy and time processing. 
 Finally, the primary goal of this research is to use this technique on the 
ground and in orbit with real CubeSat missions. Future Algerian CubeSat 
missions with the Algerian Space Agency are a potential flight opportunity 
of the technique presented in this research. 
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Appendix A: Helmholtz Coils 
Arrangement 
Helmholtz coils test facility is an electronic device used for a variety of research 
applications, named after the German physicist Hermann Von Helmholtz which 
can be used to create a nearly uniform magnetic field (Figure 6-1, Figure 6-2) 
(DeTroye and Chase, 1994). They consist of two identical and parallel coaxial 
coils wound (N) turns in series on a circular form, on the same axis of radius 
(R) that are separated by a distance R (Figure 6-1) (Coey, 2010). Each coil 
carries the same current (I), and both current must be in the same direction 
(Bansal, 2006; Ruark and Peters, 1926), to create a uniform magnetic field 
between two coils, where the field direction is parallel to the axes of the coils 
(Gyawali, 2008).  
 
The slice plot in Figure 6-2 shows the magnetic field density and the direction 
of the magnetic flux (Foley, 2017; Aydinlioglu and Hammer, 2005). 
 
 
R 
R
X B1B2 
I I 
Figure 6-2: Magnetic field lines in a plane 
bisecting the coils 
Figure 6-1: Helmholtz coil schematic 
drawing and magnetic field lines   
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The total magnetic flux density is the sum of the magnetic fields from each coil 
(Javor and Anderson, 1998; Griffiths, 2012):  
ᵃ�     (ᵅ�) = ᵃ�      (ᵅ�) + ᵃ�      (ᵅ�) =
ᵰ� ᵃ�ᵃ�ᵃ� 
2  ᵃ�2 − ᵅ� 
 
+ ᵃ�  
 
  
ᵅ�⃗ + ᵰ� ᵃ�ᵃ�ᵃ�
 
2   ᵃ�2 + ᵅ� 
 
+ ᵃ�  
 
  
ᵅ� ⃗ (6.1) 
where:  
B  is the magnetic field density, [T] 
   is the permeability of free space, [4	π ∙10-7Tm/A] 
I  is the coil current, [A]   
d is the coil separation, [m] 
R is the coil radius, [m] 
ᵅ� is the distance along common axis X, [m] 
N is the number of turns of each coil 
The separation between coils (d) equals the radius R. This separation gives a 
uniform field between coils. The equation above (3.1.2) becomes: 
ᵃ�     (ᵅ�) = ᵃ�      (ᵅ�) + ᵃ�      (ᵅ�) =
ᵰ� ᵃ�ᵃ�ᵃ� 
2  ᵃ�2 − ᵅ� 
 
+ ᵃ�  
 
  
ᵅ�⃗ + ᵰ� ᵃ�ᵃ�ᵃ�
 
2   ᵃ�2 + ᵅ� 
 
+ ᵃ�  
 
  
ᵅ� ⃗
(6.2) 
The magnetic field at a point on the x-axis centred between the two coils (x=0) 
is given as: 
 
B⃗(x = 0) = μ NIR
 
2  R2 
 
+ R  
 
  
x⃗ + μ NIR
 
2   R2 
 
+ R  
 
  
x⃗ 
(6.3) 
Therefore:   
 ᵃ�     (ᵅ� = 0) =  
8
5
√
5
 ᵰ� ᵃ�ᵃ�
ᵃ�
ᵅ� ⃗ (6.4) 
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3-Axis Helmholtz Coils  
3-Axis Helmholtz coils arrangement is used in scientific devices to cancel any 
external or unwanted magnetic field, such as the magnetic field generated by 
electronic devices or the Earth's magnetic field. Helmholtz coils can be easily 
constructed. This makes them extremely useful in calibrating sensors and other 
applications (DeTroye and Chase, 1994). 3-Axis Helmholtz coils test facility 
consists of three coil pairs that are orthogonally positioned (Figure 6-3), they 
can produce a desired magnetic field or to nil an external magnetic field. 
Design Approach 
The 3-Axis Helmholtz coils test facility (Figure 6-3) was designed and built such 
that Alsat-1Nano (3U CubeSat) and up to 40kg CubeSat fit inside for the near 
field scaling. The test facility was designed and constructed, using 24 turns of 
15 AWG (American Wire Gauge) enamelled wire, the coils and the structure 
supporting the coils are non-ferromagnetic materials (Trout, 1988), only 
aluminium, copper, brass, zinc and plastic were used. 
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Figure 6-3: The 3-Axis Helmholtz coils test facility with Alsat-1N inside 
The diameters of coils (1.26, 1.22 and 1.18m in three axes) and the number of 
winds (24) were chosen in the manner to generate up to 95µT at the centre of 
the coils to overcome the geomagnetic field and any magnetic field less than 
95µT in each axis. A three-channel adjustable power supply “KEITHLEY 2231A 
-30-3” is used to supply the coils with the desired current. As a result, less than 
40nT in each axis is achieved in the centre of the facility, which is 0.067% of 
the Earth’s magnetic field. 
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Appendix B: Python Code  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
 Include libraries 
 Initializations of Variables and Constants 
 Magnetometers Set/Reset Configuration  
RPI GPIO Input/Output 
Configuration  
 
Define Subroutines 
Reading Magnetometers 
Magnetometer Calibration 
Dipole Determination Function (Root 
Finding Function (Levenberg–Marquardt 
Algorithm)) 
Print magnetometer Readings and Dipole 
Save Magnetic Field to Excel File 
Save Dipole to Excel File 
 ADS1115 ADC (16-bit) Configuration 
 Reset all Magnetometers 
 Dipole Determination Function (Root Finding) 
Levenberg–Marquardt Algorithm Fitting 
 Root to Dipole Moment Mitigation 
System 
 Read all Magnetometers 
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# Author: Abdemadjid Lassakeur 
# SSC - 2018 
import os 
import time 
import Adafruit_ADS1x15 
import RPi.GPIO as GPIO 
from numpy import sqrt, empty, array 
from scipy.optimize import root 
import pandas as pd 
from pandas import ExcelWriter 
 
#Initialisations 
t = time.localtime(time.time()) 
Loop=2.5 
L=250 
SR_Lapse = 0.000002 
N=0 
NFile=1 
sheet= 'B_Field_' + time.strftime('%d%b%y_%H.%M.%S', t) +'.xlsx' 
x0=array([-0.005, 0.035, 0.015, 0.9, -0.15, 0.85,0.5 ]) 
a=empty((L)); b=empty((L)); c=empty((L)); S=empty((L)) 
m=empty((L)); n=empty((L)); p=empty((L));M=empty((L)) 
NN= []; MAGN= []; XX= []; YY= []; ZZ= [] 
Bxr= []; Byr= []; Bzr= []; BB= []; Time = [] 
B=empty((8,8)) 
B[0][0]= 1; B[1][0]= 2; B[2][0]= 3; B[3][0]= 4 
B[4][0]= 5; B[5][0]= 6; B[6][0]= 7; B[7][0]= 8 
B[0][1]= B[1][1]= B[2][1]= B[3][1]= 0.16 
B[4][1]= B[5][1]= B[6][1]= B[7][1]= -0.16 
B[0][2]= B[1][3]= B[2][2]= B[3][3]= 0 
B[4][2]= B[5][3]= B[6][2]= B[7][3]= 0 
B[0][3]= B[3][2]= B[4][3]= B[7][2]= -0.053 
B[1][2]= B[2][3]= B[5][2]= B[6][3]= 0.053 
os.system('clear') 
GPIO.setmode(GPIO.BCM) 
GPIO.setwarnings(False) 
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#Set/Reset Configuration 
def RESETCONF(AB,C,ABC): 
    GPIO.setup(AB,GPIO.OUT) 
    GPIO.setup(C,GPIO.OUT) 
    GPIO.setup(ABC,GPIO.OUT) 
    GPIO.output(AB,GPIO.LOW) 
    GPIO.output(C,GPIO.LOW) 
    GPIO.output(ABC,GPIO.HIGH) 
 
def RESET(AB,C,ABC): 
    GPIO.output(ABC,GPIO.LOW) 
    GPIO.output(AB,GPIO.HIGH) 
    GPIO.output(C,GPIO.HIGH) 
    time.sleep(SR_Lapse) 
    GPIO.output(ABC,GPIO.HIGH) 
    GPIO.output(AB,GPIO.LOW) 
    GPIO.output(C,GPIO.LOW)  
 
# Print Magnetometer Readings 
def PRINTMAG(Channel,X,Y,Z,MAG): 
 print('|{0:>5} | {1:>6} | {2:>6} | {3:>6} | {4:>6} |'.   
format(Channel,"%10.4e"% X,"%10.4e"% Y,"%10.4e"% 
Z,"%10.4e"% MAG),time.strftime('%X %x')) 
 
# Save Dipole to Excel File 
def PRINTDIPOLEXLS(a,b,c,S,m,n,p,M, sheet, NFile): 
 S_Output= str(NFile) + '_S_Output_' +    
time.strftime('%d%b%y_%H.%M.%S', t) +'.xlsx' 
 File = pd.DataFrame({'0N':M,'1a':a,'2b':b,'3c':c,'4S':S,'5
 m':m,'6 n':n,'7p':p}) 
 writer = ExcelWriter(S_Output) 
 File.to_excel(writer,sheet,index=False) 
 writer.save() 
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# save Magnetic Field to Excel File 
def PRINTFIELD(NN,MAGN,XX,YY,ZZ,Bxr,Byr,Bzr, BB, Time, sheet, 
NFile): 
 S_Output= str(NFile) + '_B_Field' + 
time.strftime('%d%b%y_%H.%M.%S', t) + '.xlsx' 
 File = pd.DataFrame({'0ITIRATION':NN,'1MAG 
Number':MAGN,'2X':XX,'3 
Y':YY,'4Z':ZZ,'5BxRaw':Bxr,'6ByRaw':Byr, 
'7BzRaw':Bzr,'8MAG':BB,'9 Time':Time, 
'90Date':time.strftime('%x')}) 
 writer = ExcelWriter(S_Output) 
 File.to_excel(writer,sheet,index=False) 
 writer.save() 
 
# Print Dipole to Screen 
def PRINTDIPOLE(a,b,c,S,m,n,p,N): 
 Sx=m*S; Sy=n*S;Sz=p*S 
 print ('\n',' N: ', N,'',' a: ',"%10.4e"% a,' b: 
',"%10.4e"% b,' c: ',"%10.4e"% c,' S: ',"%10.4e"% S,' Sx: 
',"%10.4e"% Sx, ' Sy:',"%10.4e"% Sy,' Sz: ',"%10.4e"% 
Sz,'\n') 
 print('-' * 124,) 
 
# Magnetometer Calibration 
def CALIB(X0,Y0,Z0,K): 
 if K == 1: 
 X=(Y0-2270)*20*10**(-9) 
 Y=-(X0+415)*19.1*10**(-9) 
 Z=(Z0+1740)*20.4*10**(-9) 
 MAG=sqrt(X**2+Y**2+ Z**2) 
 elif K == 2: 
 X=(Y0-1196)*21.39*10**(-9) 
 Y=-(Z0+603)*20.83*10**(-9) 
 Z=-(X0+843)*19.16*10**(-9) 
 MAG=sqrt(X**2+Y**2+ Z**2) 
 
 
 elif K == 3: 
 X=(Y0-600)*21.4*10**(-9) 
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 Y=(X0-730)*20.53*10**(-9) 
 Z=-(Z0-565)*20.4*10**(-9) 
 MAG=sqrt(X**2+Y**2+ Z**2) 
 elif K == 4: 
 X=(Y0-105)*20.15*10**(-9) 
 Y=(Z0+1375)*21.08*10**(-9) 
 Z=(X0+1230)*19.52*10**(-9) 
 MAG=sqrt(X**2+Y**2+ Z**2) 
 elif K == 5: 
 X=-(Y0+820)*20.15*10**(-9) 
 Y=(X0+535)*19.55*10**(-9) 
 Z=(Z0-1280)*20.7*10**(-9) 
 MAG=sqrt(X**2+Y**2+ Z**2) 
 elif K == 6: 
 X=-(Y0+790)*20*10**(-9) 
 Y=-(Z0+750)*20.7*10**(-9) 
 Z=(X0+558)*19.58*10**(-9) 
 MAG=sqrt(X**2+Y**2+ Z**2) 
 elif K == 7: 
 X=-(Y0+410)*20.6*10**(-9) 
 Y=-(X0+1180)*20.05*10**(-9) 
 Z=-(Z0+1200)*19.75*10**(-9) 
 MAG=sqrt(X**2+Y**2+ Z**2) 
 elif K == 8: 
 X=-(Y0+-385)*20.07*10**(-9) 
 Y=(Z0+1830)*20.55*10**(-9) 
 Z=-(X0+1750)*19.6*10**(-9) 
 MAG=sqrt(X**2+Y**2+ Z**2) 
 return [X,Y,Z,MAG] 
 
 
 
 
 
def READMAG(Port,Bus,Channel): 
     adc = Adafruit_ADS1x15.ADS1115(address=Port, busnum=Bus) 
     # Read all the ADC channel values in a list. 
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     values = [0]*3 
     #value = adc.read_adc_difference(channel, gain=GAIN) 
     values[0] = adc.read_adc_difference(1, gain=GAIN) 
     values[1] = adc.read_adc_difference(2, gain=GAIN) 
     values[2] = adc.read_adc_difference(3, gain=GAIN) 
     [X,Y,Z,MAG]= CALIB(values[0],values[1],values[2],Channel) 
     Time.append(time.strftime('%X')) 
     return [X,Y,Z,MAG] 
 
# Reset all Magnetometers 
def RESETALL(): 
    RESETCONF(18,15,14) 
    RESETCONF(25,24,23) 
    RESETCONF(27,17,4) 
    RESETCONF(9,10,22) 
    RESETCONF(6,5,11) 
    RESETCONF(26,19,13) 
    RESETCONF(12,7,8) 
    RESETCONF(21,20,16) 
   time.sleep(0.5) 
 
    #Set and Reset all channels 
    RESET(18,15,14) 
    RESET(25,24,23) 
    RESET(27,17,4) 
    RESET(9,10,22) 
    RESET(6,5,11) 
    RESET(26,19,13) 
    RESET(12,7,8) 
    RESET(21,20,16) 
    time.sleep(0.5) 
 
RESETALL() 
 
# Create an ADS1115 ADC (16-bit) instance. 
adc = Adafruit_ADS1x15.ADS1115() 
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# Choose a gain of 1 for reading voltages from 0 to 4.09V. 173
 # - 2/3 = +/-6.144V 
# - 1 = +/-4.096V 
# - 2 = +/-2.048V 
# - 4 = +/-1.024V 
# - 8 = +/-0.512V 
GAIN= 2 
t = time.localtime(time.time()) 
 
# Dipole Determination Function 
def Job(N): 
# Reading MAGs 
 [B[0][4],B[0][5],B[0][6],B[0][7]]= READMAG(0x48,1,1) 
 [B[1][4],B[1][5],B[1][6],B[1][7]]= READMAG(0x49,1,2) 
 [B[2][4],B[2][5],B[2][6],B[2][7]]= READMAG(0x4A,1,3) 
 [B[3][4],B[3][5],B[3][6],B[3][7]]= READMAG(0x4B,1,4) 
 [B[4][4],B[4][5],B[4][6],B[4][7]]= READMAG(0x48,0,5) 
 [B[5][4],B[5][5],B[5][6],B[5][7]]= READMAG(0x49,0,6) 
 [B[6][4],B[6][5],B[6][6],B[6][7]]= READMAG(0x4A,0,7) 
  [B[7][4],B[7][5],B[7][6],B[7][7]]= READMAG(0x4B,0,8) 
  
 a=empty((1)); b=empty((1)); c=empty((1)) 
 S=empty((1)); m=empty((1)); n=empty((1));  
p=empty((1)) 
 
 x1= B[0][1]; Bx1= B[0][4]; 
 y1= B[0][2]; By1= B[0][5]; 
 z1= B[0][3]; Bz1= B[0][6]; 
 x2= B[6][1]; Bx2= B[6][4]; 
 y2= B[6][2]; By2= B[6][5]; 
 z2= B[6][3]; Bz2= B[6][6]; 
 x3= B[1][1]; Bx3= B[1][4]; 
 y3= B[1][2]; By3= B[1][5]; 
 z3= B[1][3]; Bz3= B[1][6]; 
 x4= B[7][1]; Bx4= B[7][4]; 
 y4= B[7][2]; By4= B[7][5]; 
 z4= B[7][3]; Bz4= B[7][6]; 
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 x5= B[2][1]; Bx5= B[2][4]; 
 y5= B[2][2]; By5= B[2][5]; 
 z5= B[2][3]; Bz5= B[2][6]; 
 x6= B[4][1]; Bx6= B[4][4]; 
 y6= B[4][2]; By6= B[4][5]; 
 z6= B[4][3]; Bz6= B[4][6]; 
 
 x7= B[3][1]; Bx7= B[3][4]; 
 y7= B[3][2]; By7= B[3][5]; 
 z7= B[3][3]; Bz7= B[3][6]; 
 x8= B[5][1]; Bx8= B[5][4]; 
 y8= B[5][2]; By8= B[5][5]; 
 z8= B[5][3]; Bz8= B[5][6]; 
 
# Root Finding Function (Levenberg–Marquardt Algorithm) 
 def function(x): 
  return [ 
Bx1-(3*(x[4]*(x1-x[0])+x[5]*(y1-x[1])+x[6]*(z1-x[2]))*(x1-x[0])/(((x1-
x[0])**2 +(y1-x[1])**2+(z1-x[2])**2)**(5/2))-x[4]/(((x1-x[0])**2+(y1-
x[1])**2+(z1-x[2])**2)**(3/2)))*x[3]*10**(-7), 
 
By1-(3*(x[4]*(x1-x[0])+x[5]*(y1-x[1])+x[6]*(z1-x[2]))*(y1-x[1])/(((x1-
x[0])**2+(y1-x[1])**2+(z1-x[2])**2)**(5/2))-x[5]/(((x1-x[0])**2+(y1-
x[1])**2+(z1-x[2])**2)**(3/2)))*x[3]*10**(-7), 
 
Bz1-(3*(x[4]*(x1-x[0])+x[5]*(y1-x[1])+x[6]*(z1-x[2]))*(z1-x[2])/(((x1-
x[0])**2+(y1-x[1])**2+(z1-x[2])**2)**(5/2))-x[6]/(((x1-x[0])**2+(y1-
x[1])**2+(z1-x[2])**2)**(3/2)))*x[3]*10**(-7), 
 
Bx2-(3*(x[4]*(x2-x[0])+x[5]*(y2-x[1])+x[6]*(z2-x[2]))*(x2-x[0])/(((x2-
x[0])**2+(y2-x[1])**2+(z2-x[2])**2)**(5/2))-x[4]/(((x2-x[0])**2+(y2-
x[1])**2+(z2-x[2])**2)**(3/2)))*x[3]*10**(-7), 
 
By2-(3*(x[4]*(x2-x[0])+x[5]*(y2-x[1])+x[6]*(z2-x[2]))*(y2-x[1])/(((x2-
x[0])**2+(y2-x[1])**2+(z2-x[2])**2)**(5/2))-x[5]/(((x2-x[0])**2+(y2-
x[1])**2+(z2-x[2])**2)**(3/2)))*x[3]*10**(-7), 
 
Bz2-(3*(x[4]*(x2-x[0])+x[5]*(y2-x[1])+x[6]*(z2-x[2]))*(z2-x[2])/(((x2-
x[0])**2+(y2-x[1])**2+(z2-x[2])**2)**(5/2))-x[6]/(((x2-x[0])**2+(y2-
x[1])**2+(z2-x[2])**2)**(3/2)))*x[3]*10**(-7), 
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Bx3-(3*(x[4]*(x3-x[0])+x[5]*(y3-x[1])+x[6]*(z3-x[2]))*(x3-x[0])/(((x3-
x[0])**2+(y3-x[1])**2+(z3-x[2])**2)**(5/2))-x[4]/(((x3-x[0])**2+(y3-
x[1])**2+(z3-x[2])**2)**(3/2)))*x[3]*10**(-7), 
 
By3-(3*(x[4]*(x3-x[0])+x[5]*(y3-x[1])+x[6]*(z3-x[2]))*(y3-x[1])/(((x3-
x[0])**2+(y3-x[1])**2+(z3-x[2])**2)**(5/2))-x[5]/(((x3-x[0])**2+(y3-
x[1])**2+(z3-x[2])**2)**(3/2)))*x[3]*10**(-7), 
 
Bz3-(3*(x[4]*(x3-x[0])+x[5]*(y3-x[1])+x[6]*(z3-x[2]))*(z3-x[2])/(((x3-
x[0])**2+(y3-x[1])**2+(z3-x[2])**2)**(5/2))-x[6]/(((x3-x[0])**2+(y3-
x[1])**2+(z3-x[2])**2)**(3/2)))*x[3]*10**(-7), 
 
Bx4-(3*(x[4]*(x4-x[0])+x[5]*(y4-x[1])+x[6]*(z4-x[2]))*(x4-x[0])/(((x4-
x[0])**2+(y4-x[1])**2+(z4-x[2])**2)**(5/2))-x[4]/(((x4-x[0])**2+(y4-
x[1])**2+(z4-x[2])**2)**(3/2)))*x[3]*10**(-7), 
 
By4-(3*(x[4]*(x4-x[0])+x[5]*(y4-x[1])+x[6]*(z4-x[2]))*(y4-x[1])/(((x4-
x[0])**2+(y4-x[1])**2+(z4-x[2])**2)**(5/2))-x[5]/(((x4-x[0])**2+(y4-
x[1])**2+(z4-x[2])**2)**(3/2)))*x[3]*10**(-7), 
 
Bz4-(3*(x[4]*(x4-x[0])+x[5]*(y4-x[1])+x[6]*(z4-x[2]))*(z4-x[2])/(((x4-
x[0])**2+(y4-x[1])**2+(z4-x[2])**2)**(5/2))-x[6]/(((x4-x[0])**2+(y4-
x[1])**2+(z4-x[2])**2)**(3/2)))*x[3]*10**(-7), 
 
Bx5-(3*(x[4]*(x5-x[0])+x[5]*(y5-x[1])+x[6]*(z5-x[2]))*(x5-x[0])/(((x5-
x[0])**2+(y5-x[1])**2+(z5-x[2])**2)**(5/2))-x[4]/(((x5-x[0])**2+(y5-
x[1])**2+(z5-x[2])**2)**(3/2)))*x[3]*10**(-7), 
 
By5-(3*(x[4]*(x5-x[0])+x[5]*(y5-x[1])+x[6]*(z5-x[2]))*(y5-x[1])/(((x5-
x[0])**2+(y5-x[1])**2+(z5-x[2])**2)**(5/2))-x[5]/(((x5-x[0])**2+(y5-
x[1])**2+(z5-x[2])**2)**(3/2)))*x[3]*10**(-7), 
 
Bz5-(3*(x[4]*(x5-x[0])+x[5]*(y5-x[1])+x[6]*(z5-x[2]))*(z5-x[2])/(((x5-
x[0])**2+(y5-x[1])**2+(z5-x[2])**2)**(5/2))-x[6]/(((x5-x[0])**2+(y5-
x[1])**2+(z5-x[2])**2)**(3/2)))*x[3]*10**(-7), 
 
Bx6-(3*(x[4]*(x6-x[0])+x[5]*(y6-x[1])+x[6]*(z6-x[2]))*(x6-x[0])/(((x6-
x[0])**2+(y6-x[1])**2+(z6-x[2])**2)**(5/2))-x[4]/(((x6-x[0])**2+(y6-
x[1])**2+(z6-x[2])**2)**(3/2)))*x[3]*10**(-7), 
 
By6-(3*(x[4]*(x6-x[0])+x[5]*(y6-x[1])+x[6]*(z6-x[2]))*(y6-x[1])/(((x6-
x[0])**2+(y6-x[1])**2+(z6-x[2])**2)**(5/2))-x[5]/(((x6-x[0])**2+(y6-
x[1])**2+(z6-x[2])**2)**(3/2)))*x[3]*10**(-7), 
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Bz6-(3*(x[4]*(x6-x[0])+x[5]*(y6-x[1])+x[6]*(z6-x[2]))*(z6-x[2])/(((x6-
x[0])**2+(y6-x[1])**2+(z6-x[2])**2)**(5/2))-x[6]/(((x6-x[0])**2+(y6-
x[1])**2+(z6-x[2])**2)**(3/2)))*x[3]*10**(-7), 
 
Bx7-(3*(x[4]*(x7-x[0])+x[5]*(y7-x[1])+x[6]*(z7-x[2]))*(x7-x[0])/(((x7-
x[0])**2+(y7-x[1])**2+(z7-x[2])**2)**(5/2))-x[4]/(((x7-x[0])**2+(y7-
x[1])**2+(z7-x[2])**2)**(3/2)))*x[3]*10**(-7), 
 
By7-(3*(x[4]*(x7-x[0])+x[5]*(y7-x[1])+x[6]*(z7-x[2]))*(y7-x[1])/(((x7-
x[0])**2+(y7-x[1])**2+(z7-x[2])**2)**(5/2))-x[5]/(((x7-x[0])**2+(y7-
x[1])**2+(z7-x[2])**2)**(3/2)))*x[3]*10**(-7), 
 
Bz7-(3*(x[4]*(x7-x[0])+x[5]*(y7-x[1])+x[6]*(z7-x[2]))*(z7-x[2])/(((x7-
x[0])**2+(y7-x[1])**2+(z7-x[2])**2)**(5/2))-x[6]/(((x7-x[0])**2+(y7-
x[1])**2+(z7-x[2])**2)**(3/2)))*x[3]*10**(-7), 
 
Bx8-(3*(x[4]*(x8-x[0])+x[5]*(y8-x[1])+x[6]*(z8-x[2]))*(x8-x[0])/(((x8-
x[0])**2+(y8-x[1])**2+(z8-x[2])**2)**(5/2))-x[4]/(((x8-x[0])**2+(y8-
x[1])**2+(z8-x[2])**2)**(3/2)))*x[3]*10**(-7), 
 
By8-(3*(x[4]*(x8-x[0])+x[5]*(y8-x[1])+x[6]*(z8-x[2]))*(y8-x[1])/(((x8-
x[0])**2+(y8-x[1])**2+(z8-x[2])**2)**(5/2))-x[5]/(((x8-x[0])**2+(y8-
x[1])**2+(z8-x[2])**2)**(3/2)))*x[3]*10**(-7), 
 
Bz8-(3*(x[4]*(x8-x[0])+x[5]*(y8-x[1])+x[6]*(z8-x[2]))*(z8-x[2])/(((x8-
x[0])**2+(y8-x[1])**2+(z8-x[2])**2)**(5/2))-x[6]/(((x8-x[0])**2+(y8-
x[1])**2+(z8-x[2])**2)**(3/2)))*x[3]*10**(-7), 
 
x[4]**2+x[5]**2+ x[6]**2 -1 
 
# Root Finding (Levenberg–Marquardt Algorithm) 
sol = root(function, x0, args=(), method='lm', jac=None, 
tol=None, callback=None, options={'xtol': 1.49012e-20, 
'ftol': 1.49012e-20}) 
 a=sol.x[0]; b=sol.x[1]; c=sol.x[2] 
 S=sol.x[3]; m=sol.x[4]; n=sol.x[5]; p=sol.x[6] 
 PRINTDIPOLE(a,b,c,S,m,n,p,N) 
 return [a,b,c,S,m,n,p,N+1,B] 
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start = time.time() 
# Main Function 
while True: 
 start1 = time.time() 
 [a[N],b[N],c[N],S[N],m[N],n[N],p[N],M[N], B]= Job(N) 
 for i in range(8): 
  NN.append(N+1); MAGN.append(B [i][0]); XX.append(B [i][1]) 
        YY.append(B [i][2]); ZZ.append(B [i][3]); Bxr.append(B [i][4]) 
        Byr.append(B [i][5]); Bzr.append(B [i][6]); BB.append(B [i][7]) 
      endTime = time.time()-start1 
     if N < L-1: 
        time.sleep(Loop -endTime) 
        N+=1 
  else : 
    PRINTDIPOLEXLS(a,b,c,S,m,n,p,M,sheet,NFile) 
    PRINTFIELD(NN,MAGN,XX,YY,ZZ,Bxr,Byr,Bzr, BB, Time, 
sheet, NFile) 
    N=0 
    NFile+=1 
    RESETALL() 
    time.sleep(10) 
# End of the Code 
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Appendix D: HMC1053 
Magnetometer Calibration Results 
 
To calibrate the eight HMC1053 magnetometers used in this research, we used 
a highly accurate smart digital three-axis magnetometer the Honeywell 
HMR2300 as a reference. The experiments were carried out in a set of 3-Axis 
Helmholtz coils. We first put both magnetometers in the middle of the 
Helmholtz coils. The calibration process is done by cancelling the Earth’s 
magnetic field in all axes, then by controlling the current of one axis in both 
directions in order to obtain the desired magnetic field. For instance, we tune 
the current of X-axis coil to calibrate the magnetometer in X-axis. 
Figure 6-4, Figure 6-5 and Figure 6-6 show the calibration results in three axes 
for one sample of the HMC1053 magnetometer. The others performed similarly. 
 
 
Figure 6-4: X-axis calibration data of the HMC1053 magnetometer 
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Figure 6-5: Y-axis calibration data of the HMC1053 magnetometer 
Figure 6-6: Z-axis calibration data of the HMC1053 magnetometer 
-100
-80
-60
-40
-20
0
20
40
60
80
100
120
1
1
3
0
2
5
9
3
8
8
5
1
7
6
4
6
7
7
5
9
0
4
1
0
3
3
1
1
6
2
1
2
9
1
1
4
2
0
1
5
4
9
1
6
7
8
1
8
0
7
1
9
3
6
2
0
6
5
2
1
9
4
2
3
2
3
2
4
5
2
2
5
8
1
2
7
1
0
2
8
3
9
2
9
6
8
3
0
9
7
3
2
2
6
3
3
5
5
3
4
8
4
M
ag
ne
tic
 fi
el
d 
(µ
T
)
Time (s)
By (µT) HMR2300 By (µT) HMC1053
-60
-40
-20
0
20
40
60
80
100
120
1
1
2
6
2
5
1
3
7
6
5
0
1
6
2
6
7
5
1
8
7
6
1
0
0
1
1
1
2
6
1
2
5
1
1
3
7
6
1
5
0
1
1
6
2
6
1
7
5
1
1
8
7
6
2
0
0
1
2
1
2
6
2
2
5
1
2
3
7
6
2
5
0
1
2
6
2
6
2
7
5
1
2
8
7
6
3
0
0
1
3
1
2
6
3
2
5
1
3
3
7
6
3
5
0
1
M
ag
ne
tic
 fi
el
d 
(µ
T
)
Time (s)
Bz (µT)  HMR2300 Bz (µT) HMC1053
  
 
- 157 - 
 
 
References 
Abbas, N. N., Xiao, H., Jun, L. Y. & Raza, M. 2012. An Architecture Analysis 
of ADCS for CubeSat: A Recipe for ADCS Design of ICUBE. Applied Mechanics 
and Materials, 110(5397-5404. 
Acuña, M. H. 2004. The Design, Construction and Test of Magnetically Clean 
Spacecraft – A Practical Guide,   
Arfken, G. B., Weber, H. J. & Harris, F. 2013. Mathematical Methods for 
Physicists : A Comprehensive Guide, Oxford: Academic. 
Armstrong, J., Casey, C., Creamer, G. & Dutchover, G. 2009a. Pointing control 
for low altitude triple CubeSat space darts. 
Armstrong, J., Casey, C., Creamer, G. & Dutchover, G. 2009b. Pointing control 
for low altitude triple CubeSat space darts. AIAA/USU Conference on Small 
Satellites. 
Asundi, S. A. & Fitz-Coy, N. G. 2013. CubeSat mission design based on a 
systems engineering approach. Aerospace Conference, 2013 IEEE. IEEE. 
Atkinson, K. & Han, W. 2012. Spherical harmonics and approximations on the 
unit sphere: an introduction: Springer Science & Business Media. 
Aydinlioglu, A. & Hammer, M. 2005. COMPASS-1 pico satellite: magnetic coils 
for attitude control. Recent Advances in Space Technologies, 2005. RAST 2005. 
Proceedings of 2nd International Conference on. 
Balaji, B. & Nelson, J. B. 2014. Parameter estimation and tracking of a magnetic 
dipole. Signal Processing, Sensor/Information Fusion, and Target Recognition 
XXIII. Baltimore, Maryland, USA: International Society for Optics and 
Photonics. 
Bansal, R. 2006. Fundamentals of engineering electromagnetics, Boca Raton, 
FL: Taylor & Francis. 
Bender, E. 2011. An Analysis of Stabilizing 3U CubeSats Using Gravity Gradient 
Techniques and a Low Power Reaction Wheel. California Polytechnic State 
University, San Luis Obispo. 
Bienkowski, P. 2012. Electromagnetic measurements in the near field, 2nd, 
Raleigh, NC: Raleigh, NC : SciTech Pub. 
  
 
- 158 - 
 
 
Blakely, R. J. 1995. Potential Theory in Gravity and Magnetic Applications, 
Melbourne, Australia Cambridge University Press. 
Busch, S., Bangert, P., Dombrovski, S. & Schilling, K. 2015. UWE-3, in-orbit 
performance and lessons learned of a modular and flexible satellite bus for future 
pico-satellite formations. Acta Astronautica, 117(73-89. 
Capderou, M. 2005. Satellites: orbits and missions: Springer-Verlag France 2005. 
Capps, C. 2001. Near field or far field? EDN Network. EDN Network. 
Carr, C., Brown, P., Zhang, T., Gloag, J., Horbury, T., Lucek, E., Magnes, W., 
O'Brien, H., Oddy, T. & Auster, U. 2005. The Double Star magnetic field 
investigation: Instrument design, performance and highlights of the first year's 
observations. Annales Geophysicae, 23(8), pp 2713-2732. 
Celozzi, S., Araneo, R. & Lovat, G. 2008. Electromagnetic shielding, Canada: 
John Wiley & Sons. 
Chen, X., Liu, S., Sheng, T., Zhao, Y. & Yao, W. 2018a. The satellite layout 
optimization design approach for minimizing the residual magnetic flux density 
of micro- and nano-satellites. Acta Astronautica. 
Chen, X., Yao, W., Zhao, Y., Chen, X. & Zheng, X. 2018b. A practical satellite 
layout optimization design approach based on enhanced finite-circle method. 
Structural and Multidisciplinary Optimization, 58(6), pp 2635-2653. 
Chen, Y., Hong, Z., Lin, C. & Chern, J. 2000. Aerodynamic and gravity gradient 
stabilization for microsatellites. Acta Astronautica, 46(7), pp 491-499. 
Chobotov, V. A. 2002. Orbital mechanics, Reston, Va.: American Institute of 
Aeronautics and Astronautics. 
Christopoulos, C. 2007. Principles and Techniques of Electromagnetic 
Compatibility, 2nd, Boca Raton, FL, USA: Taylor & Francis Group, LLC. 
Clagett, C., Santos, L., Azimi, B., Cudmore, A., Marshall, J., Starin, S., Sheikh, 
S., Zesta, E., Paschalidis, N. & Johnson, M. 2017. Dellingr: NASA Goddard 
Space Flight Center's First 6U Spacecraft. the 31st IAA/USU Conference on 
Small Satellites. Logan, Utah, USA. 
Clark, J. P. C., DeBra, D. B., Dobrotin, B. M., Fischell, R. E., Fleig, A. J., 
Fosth, D. C., Gatlin, J. A., Perkel, H., Roberson, R. E., Sabroff, A. E., Scott, 
E. D., Tinling, B. E. & Wheeler, P. C. 1971. Spacecraft Aerodynamic Torques,  
(Pasadena, California, USA). 
  
 
- 159 - 
 
 
Coey, J. M. 2010. Magnetism and magnetic materials, Cambridge, UK: 
Cambridge University Press. 
Considine, D. M. & Considine, G. D. 2013. Van Nostrand’s scientific 
encyclopedia, Hoboken, New Jersey, USA: Springer Science & Business Media. 
Crassidis, J. L., Markley, F. L. & Cheng, Y. 2007. Survey of Nonlinear Attitude 
Estimation Methods. Journal of Guidance, Control, and Dynamics, 30(1), pp 
12-28. 
Cullity, B. D. & Graham, C. D. 2011. Introduction to magnetic materials, 
Hoboken, New Jersey, USA: John Wiley & Sons. 
Das, Y., McFee, J. E. & Bell, M. 1981. Detection and identification of buried 
ordnance by magnetic and electromagnetic means,  (Arvada, CO, USA). 
De Ruiter, A. H., Damaren, C. & Forbes, J. R. 2012. Spacecraft Dynamics and 
Control: An Introduction, New York, USA: John Wiley & Sons. 
DeKock, B., Sanders, D., VanZwieten, T. & Capo-Lugo, P. 2011. Design and 
Integration of an All-Magnetic Attitude Control System for Fastsat-Hsv01's 
Multiple Pointing Objectives. Advances in the Astronautical Sciences, 141(127-
145. 
Della Torre, E. 2000. Magnetic hysteresis, New York, USA: Wiley. 
DeTroye, D. J. & Chase, R. J. 1994. The calculation and measurement of 
Helmholtz coil fields,  (Adelphi, USA). 
Dougherty, M., Kellock, S., Southwood, D., Balogh, A., Smith, E., Tsurutani, 
B., Gerlach, B., Glassmeier, K.-H., Gleim, F. & Russell, C. 2004. The Cassini 
magnetic field investigation. The Cassini-Huygens Mission. Springer. 
Dumond, O. & Berg, R. 2012. Determination of the magnetic moment with 
spherical measurements and spherical harmonics modelling. ESA Workshop on 
Aerospace EMC. Venice, Italy. 
Dunlop, M. W., Dougherty, M. K., Kellock, S. & Southwood, D. J. 1999. 
Operation of the dual magnetometer on Cassini: science performance. Planetary 
and Space Science, 47(10-11), pp 1389-1405. 
Eichhorn, W. L. 1972. Magnetic dipole moment determination by near-field 
analysis,  (Washington, D.C, USA). 
 
  
 
- 160 - 
 
 
Einstein, A. 1905. On the electrodynamics of moving bodies. Annalen der 
Physik, 17(891), pp 50. 
Erik, K. 2019. Nanosatellite Database [Online]. Available: 
http://www.nanosats.eu/ [Accessed 25/08/2019 2019]. 
Fischer, C. J. 2016. The Energy of Physics Part II: Electricity and Magnetism, 
San Diego, CA, USA: Cognella Academic Publish. 
Foley, A. 2017. Simulating Helmholtz Coils in COMSOL Multiphysics [Online]. 
Available: https://www.comsol.jp/blogs/simulating-helmholtz-coils-comsol-
multiphysics/ [Accessed 17/06/2019 2019]. 
Fortescue, P., Swinerd, G. & Stark, J. 2011. Spacecraft systems engineering, 
Chichester, UK: John Wiley & Sons. 
Furlani, P. E. 2009. Permanent magnet and electromechanical devices : 
materials, analysis, and applications, San Diego: Academic. 
Gerber, J. 2014. A 3-axis attitude control system hardware design for a CubeSat. 
Master of Science in Engineering, Stellenbosch University. 
Gerhardt, D. 2010. Passive magnetic attitude control for CubeSat spacecraft. 
Gibbon, D. & Underwood, C. 2001. Low cost butane propulsion systems for 
small spacecraft. the 15th AIAA/USU Conference on Small Satellites. Logan, 
Utah, USA. 
Gooch, J. W. & Daher, J. K. 2007. Electromagnetic shielding and corrosion 
protection for aerospace vehicles, Atlanta, USA: Springer. 
Gouda, N. & group, J. w. 2017. Outline of Infrared Space Astrometry missions: 
JASMINE. Proceedings of the International Astronomical Union, 12(S330), pp 
90-91. 
Griffiths, D. J. 2012. Introduction to electrodynamics, 4, Cambridge, UK: 
Cambridge University Press. 
Grover, S. M. 2013. Systems Engineering of the Double-Probe Insrumentation 
for Measuring Electric-Fields Cubesatellite. Master of Science in Mechanical 
Engineering, Utah State University. 
Gyawali, S. R. 2008. Design and construction of Helmholtz coil for biomagnetic 
studies on soybean. Master of Science, University of Missouri. 
Hadi, R. 2015. Development of Dynamic Simulation Platform of Reaction 
Wheels Controlled Cubesat Model. 
  
 
- 161 - 
 
 
Hadjipanayis, G. C. 2012. Magnetic hysteresis in novel magnetic materials, 
Mykonos, Greece: Springer Science & Business Media. 
Harris, C. A. 1967. Magnetic field restraints for spacecraft systems and 
subsystems,  (Greenbelt, USA). 
Harris, P. K. 2003. Near-field magnetic dipole moment analysis,  (Greenbelt, 
MD, US). 
Hastings, D. & Garrett, H. 2004. Spacecraft-Environment Interactions, 
Cambridge, UK: Cambridge university press. 
Heiney, A. 2013. KySat-2 [Online]. Available: 
http://ssl.engineering.uky.edu/missions/orbital/kysat-2/about-kysat-2/ 
[Accessed 29/10/2019 2019]. 
Hemming, L. H. 2000. Architectural electromagnetic shielding handbook: a 
design and specification guide, New York, USA: John Wiley & Sons. 
Herbert, J. K. 2016. SwampSat [Online]. Available: 
https://directory.eoportal.org/web/eoportal/satellite-missions/s/swampsat 
[Accessed 04/03/2016. 
Hintz, G. R. 2015. Orbital Mechanics and Astrodynamics : Techniques and 
Tools for Space Missions, Los Angeles, CA, USA: Springer. 
Holly, Z. 2011. Earth's Magnetosphere [Online]. Available: 
https://www.nasa.gov/mission_pages/sunearth/multimedia/magnetosphere.ht
ml [Accessed 20/07/2019 2019]. 
Honeywell. 2018a. 1, 2 and 3 Axis Magnetic Sensors 
HMC1051/HMC1052L/HMC1053,   
Honeywell. 2018b. Smart Digital Magnetometer HMR2300 [Online]. Honeywell. 
Available: https://aerospace.honeywell.com/en/products/navigation-and-
sensors/3-axis-magnetometer [Accessed 23/05/2018 2018]. 
Hosonuma, T. 2012. A precise attitude determination and control strategy for 
small astrometry satellite “Nano-Jasmine”. the 26th AIAA/USU Conference on 
Small Satellites. Logan, Utha, USA. 
Howell, E. 2018. CubeSats: Tiny Payloads, Huge Benefits for Space Research 
[Online]. Honeywell. Available: https://www.space.com/34324-cubesats.html 
[Accessed 27/08/2019 2019]. 
  
 
- 162 - 
 
 
Hu, C., Meng, M. Q.-H. & Mandal, M. 2005. Efficient magnetic localization and 
orientation technique for capsule endoscopy. International Journal of 
Information Acquisition, 2(01), pp 23-36. 
Hughes, P. C. 2004. Spacecraft Attitude Dynamics: Courier Corporation. 
Inamori, T. & Nakasuka, S. 2008. In-orbit magnetic disturbance compensation 
using feed forward control in Nano-JASMINE mission. the 22nd AIAA/USU 
Conference on Small Satellites. Logan, Utha, USA. 
Inamori, T., Nakasuka, S. & Sako, N. 2009. In-orbit magnetic disturbance 
estimation and compensation using UKF in nano-satellite mission. AIAA 
Guidance, Navigation, and Control Conference. Chicago, USA. 
Inamori, T., Nakasuka, S. & Sako, N. 2011a. Compensation of time-variable 
magnetic moments for a precise attitude control in nano- and micro-satellite 
missions. Advances in Space Research, 48(3), pp 432-440. 
Inamori, T., Sako, N. & Nakasuka, S. 2011b. Magnetic dipole moment 
estimation and compensation for an accurate attitude control in nano-satellite 
missions. Acta Astronautica, 68(11), pp 2038-2046. 
Inamori, T., Sako, N. & Nakasuka, S. 2012. Attitude Control System for Arc-
Second Stabilization of 30-kg Micro Astronomy Satellite. Interplanetary CubeSat 
workshop. Massachusetts, USA. 
Inamori, T., Wang, J., Saisutjarit, P. & Ohsaki, H. 2013. Compensation of an 
attitude disturbance torque caused by magnetic substances in LEO satellites. 
IEEE Aerospace Conference. Big Sky, Montana, USA: IEEE. 
Jackson, J. D. 1999. Classical electrodynamics, Hoboken .New, Jersey, USA: 
Wiley. 
Jakubovics, J. P. 1994. Magnetism and magnetic materials, London, UK: 
Institute of Materials. 
Javor, E. R. & Anderson, T. 1998. Design of a Helmholtz coil for low frequency 
magnetic field susceptibility testing. IEEE International Symposium on 
Electromagnetic Compatibility. 
Jéger, C. 2017. Determination and Compensation Of Magnetic Dipole Moment 
in Application for a Scientific Nanosatellite Mission. Master in Aerospace 
Engineering, KTH ROYAL INSTITUTE OF TECHNOLOGY. 
Jensen, K. F. & Vinther, K. 2010. Attitude determination and control system 
for AAUSAT3. Master in Intelligent Autonomous Systems, Aalborg University. 
  
 
- 163 - 
 
 
Julier, S. J. & Uhlmann, J. K. 2004. Unscented Filtering and Nonlinear 
Estimation. Proceedings of the IEEE. 
Jursa, A. S. 1985. Handbook of geophysics and the space environment,  (USA). 
Kapsalis, N. C., Kakarakis, S.-D. J. & Capsalis, C. N. 2012. Prediction of 
multiple magnetic dipole model parameters from near field measurements 
employing stochastic algorithms. Progress In Electromagnetics Research, 
34(111-122. 
Kearney, M.-A. 2017. CubeADCS User Manual. In: CubeSpace , S. U. (ed.) 3.06 
ed. Stellenbosch, South Africa. 
Kellock, S., Austin, P., Balogh, A., Gerlach, B., Marquedant, R., Musmann, G., 
Smith, E., Southwood, D. & Szalai, S. 1996. Cassini dual technique 
magnetometer instrument (MAG). SPIE's International Symposium on Optical 
Science, Engineering, and Instrumentation. International Society for Optics and 
Photonics. 
Kelly, P. F. 2015. Electricity and Magnetism, Boca Raton, Florida, USA: CRC 
Press. 
Kershner, R. B. & Fischell, R. E. 1965. Gravity-Gradient Stabilization of Earth 
Satellites. IFAC Proceedings Volumes, 2(1), pp 249-266. 
Kessler, D. J., Gleghorn, G. J., Alfriend, K. T., Bloomfield, M. J., Brown, P., 
Chase, R. L., Close, S., Gabrynowicz, J. I., Kasperson, R. E., Kelso, T. S., 
Macauley, M. K., Mcknight, D. S. & Schonberg, W. P. 2011. Limiting future 
collision risk to spacecraft : an assessment of NASA's meteoroid and orbital 
debris programs, Washington, D.C., USA: National Academies Press. 
Kikugawa, T. 2014. Systems Integration and Stabilization of a Cubesat,  
(Honolulu, Hawaii, USA). 
Kivelson, A. 1995. Introduction to space physics, New York, USA: Cambridge 
university press. 
Kluever, C. A. 2018. Space flight dynamics, Chichester, UK: John Wiley & Sons 
Ltd. 
Knoepfel, H. E. 2008. Magnetic fields: a comprehensive theoretical treatise for 
practical use, Canada: John Wiley & Sons. 
Komatsu, M. & Nakasuka, S. 2009. University of Tokyo Nano Satellite Project 
“PRISM”. Transactions of the Japan Society for Aeronautical and Space 
Sciences, Space Technology Japan, 7(ists26), pp 19-24. 
  
 
- 164 - 
 
 
Kramer, H. J. 2012. Observation of the Earth and its Environment: Survey of 
Missions and Sensors, 3rd, Oberpfaffenhofen, Germany: Springer Science & 
Business Media. 
Kuegler, H. 2001. Lessons Learned during the Magnetic Cleanliness Programmes 
of the Cluster Projects. the 4th International Symposium Environmental Testing 
for Space Programmes. Liege, Belgium. 
Lackey, M. 1968. Determining the Magnetism of Small Spacecraft. the 5th Space 
Congress. Austin, TX, USA. 
Langel, R., Ousley, G., Berbert, J., Murphy, J. & Settle, M. 1982. The Magsat 
Mission. Geophysical Research Letters, 9(4), pp 243-245. 
Langel, R. A. & Hinze, W. J. 1998. The magnetic field of the Earth's lithosphere: 
The satellite perspective, Cambridge, UK: Cambridge University Press. 
Lappas, V., Adeli, N., Visagie, L., Fernandez, J., Theodorou, T., Steyn, W. H. 
& Perren, M. 2011. CubeSail: A low cost CubeSat based solar sail demonstration 
mission. Advances in Space Research, 48(11), pp 1890-1901. 
Lassakeur, A. & Underwood, C. 2017. Precision Attitude Determination And 
Control System of CubeSats by On-Orbit Determination of the Dynamic 
Magnetic Moment. the 10th International ESA Conference on Guidance, 
Navigation & Control Systems Salzburg, Austria. 
Lassakeur, A. & Underwood, C. 2019. Magnetic Cleanliness Program on 
CubeSats for Improved Attitude Stability. the 9th AIAA/IEEE International 
Conference on Recent Advances in Space Technologies RAST 2019. Istanbul, 
Turkey: IEEE (the Institute of Electrical and Electronics Engineers). 
Lassakeur, A., Underwood, C. & Taylor, B. 2018. Enhanced Attitude Stability 
and Control for CubeSats by Real-Time On-Orbit Determination of Their 
Dynamic Magnetic Moment. the 69th International Astronautical Congress 
(IAC). Bremen, Germany: International Astronautical Federation (IAF). 
Levchenko, I., Bazaka, K., Ding, Y., Raitses, Y., Mazouffre, S., Henning, T., 
Klar, P. J., Shinohara, S., Schein, J., Garrigues, L., Kim, M., Lev, D., Taccogna, 
F., Boswell, R. W., Charles, C., Koizumi, H., Shen, Y., Scharlemann, C., Keidar, 
M. & Xu, S. 2018. Space micropropulsion systems for Cubesats and small 
satellites: From proximate targets to furthermost frontiers. Applied Physics 
Reviews, 5, 011104(1), pp 1-36. 
Levenberg, K. 1944. A method for the solution of certain non-linear problems in 
least squares. Quarterly of applied mathematics, 2(2), pp 164-168. 
  
 
- 165 - 
 
 
Ley, W., Wittmann, K. & Hallmann, W. 2009. Handbook of Space Technology, 
Chichester, UK: John Wiley & Sons. 
Lorrain, P., Corson, D. R. & Lorrain, F. 1996. Electromagnetic fields and waves 
: including electric circuits, New York, USA: Freeman. 
Lourakis, M. I. 2005. A brief description of the Levenberg-Marquardt algorithm 
implemented by levmar. Foundation of Research and Technology, 4(1), pp 1-6. 
Lovejoy, D. 1993. Magnetic Particle Inspection: A practical guide, Dordrecht, 
Netherlands: Springer. 
Lovera, M. & Astolfi, A. 2004. Spacecraft attitude control using magnetic 
actuators. Acta Astronautica, 40(8), pp 1405-1414. 
Ludlam, M., Angelopoulos, V., Taylor, E., Snare, R. C., Means, J. D., Ge, Y. 
S., Narvaez, P., Auster, H. U., Le Contel, O., Larson, D. & Moreau, T. 2008. 
The THEMIS Magnetic Cleanliness Program. Space Science Reviews, 141(1-4), 
pp 171-184. 
Mabrouk, E. 2017. What are SmallSats and CubeSats? [Online]. USA: The 
National Aeronautics and Space Administration. Available: 
https://www.nasa.gov/content/what-are-smallsats-and-cubesats [Accessed 
25/08/2019 2019]. 
Mahdi, M. C. 2018. Attitude Stabilization for CubeSat: Concepts and 
Technology: Cambridge Scholars Publishing. 
Mankar, J., Darode, C., Trivedi, K., Kanoje, M. & Shahare, P. J. I. J. 2014. 
Review of I2C protocol. 2(1), pp. 
Markley, F. L. & Crassidis, J. L. 2014. Fundamentals of spacecraft attitude 
determination and control, New York, NY,  USA: Springer. 
Marquardt, D. W. 1963. An Algorithm for Least-Squares Estimation of 
Nonlinear Parameters. Journal of the Society for Industrial & Applied 
Mathematics, 11(2), pp 431-441. 
Matsushita, T. 2013. Electricity and Magnetism: New Formulation by 
Introduction of Superconductivity, Tokyo, Japan: Springer Science & Business 
Media. 
McClain, W. D. & Vallado, D. A. 2013. Fundamentals of Astrodynamics and 
Applications, Hawthorne, California, USA: Microcosm Press. 
  
 
- 166 - 
 
 
McHenry, M. E. & Laughlin, D. E. 2012. Magnetic moment and magnetization. 
Characterization of Materials, 1-25. 
Mehlem, K. & Narvaez, P. 1999. Magnetostatic cleanliness of the radioisotope 
thermoelectric generators (RTGs) of Cassini. IEEE International Symposium on 
Electromagnetic Compatability. Seattle, WA, USA. 
Merrill, R. T. & McElhinny, M. W. 1983. The Earth's magnetic field: Its history, 
origin and planetary perspective, London, UK: Academic Press London. 
Micheli, D., Pastore, R., Vricella, A., Morles, R. B., Marchetti, M., Delfini, A., 
Moglie, F. & Primiani, V. M. 2014. Electromagnetic characterization and 
shielding effectiveness of concrete composite reinforced with carbon nanotubes 
in the mobile phones frequency band. Materials Science and Engineering: B, 
188(119-129. 
Miller, D. 2013. MCubed-2 Magnetic Research,   
Miyata, K. & van der Ha, J. C. 2009. Attitude Control by Magnetic Torquer. 
Advances in the Astronautical Sciences, 134(1041-1060. 
Miyazaki, T. & Jin, H. 2012. The physics of ferromagnetism, Charlottesville, 
VA, USA: Springer Science & Business Media. 
Mobley, F., Eckard, L., Fountain, G. & Ousley, G. 1980. MAGSAT--A new 
satellite to survey the earth's magnetic field. IEEE Transactions on Magnetics, 
16(5), pp 758-760. 
Moré, J. J. 1977. The Levenberg-Marquardt algorithm: implementation and 
theory. Numerical Analysis. Heidelberg, Germany: Springer. 
Moskowitz, R. & Lynch, R. 1964. Magnetostatic Measurement of Spacecraft 
Magnetic Dipole Moment. IEEE Transactions on Aerospace, 2(2), pp 412-419. 
Munakata, R. 2008. CubeSat Design Specification,  (San Luis Obispo, California, 
USA). 
Musmann, G. 1988. Problems with magnetic field measurements on spacecrafts. 
Deutsche Hydrografische Zeitschrift, 41(3-6), pp 265-276. 
Mysore Srinivasa, K. 2015. Spacecraft attitude control using magnetic actuators. 
Masters of Science in Mechanical Engineering, Michigan Technological 
University. 
Narvaez, P. 2004. The Magnetostatic Cleanliness Program for the Cassini 
Spacecraft. SPACE SCIENCE REVIEWS, 114(1-4), pp 385-394. 
  
 
- 167 - 
 
 
Neeck, S. P. & Hammer, T. F. 2008. NASA Earth Observation Programs and 
Small Satellites. Small Satellites for Earth Observation. Springer. 
Neilsen, T., Weston, C., Fish, C. & Bingham, B. 2014. Dice: Challenges of 
Spinning Cubesats. the 37th Annual AAS Guidance and Control Conference. 
Breckenridge, CO, USA. 
Ness, N. F., Behannon, K. W., Lepping, R. P. & Schatten, K. H. 1971. Use of 
two magnetometers for magnetic field measurements on a spacecraft,  
(Greenbelt, Maryland, USA). 
Nocedal, J. & Wright, S. J. 2006. Numerical Optimization, 2nd, New York, USA: 
Springer. 
Oberright, J. E. 2002. Nanosatellite Science Applications. Smaller Satellites: 
Bigger Business? Dordrecht, Netherlands: Springer. 
Overlack, A., Kuiper, J., Peter-Contesse, H. & Noca, M. 2011. Anlaysis of the 
Attitude Control Stability of the SwissCube Nano-Satellite. the 1st International 
Academy of Astronautics (IAA). Rome, Italy. 
Palo, S., Li, X., Gerhardt, D., Blum, L., Schiller, Q. & Kohnert, R. Conducting 
Science with a CubeSat: The Colorado Student Space Weather Experiment 
(CSSWE).  American Astronomical Society Meeting Abstracts# 224, 2014. 
Park, G., Seagraves, S. & McClamroch, N. H. A dynamic model of a passive 
magnetic attitude control system for the RAX nanosatellite.  AIAA Guidance, 
Navigation, and Control Conference, 2010 Toronto, Ontario Canada. 2-5. 
Paul, C. R. 1992. Introduction to electromagnetic compatibility, 2nd ed., 
Hoboken, N.J., USA: Wiley Interscience. 
Pisacane, V. L. 2005. Fundamentals of space systems, New Yor, USA: Oxford 
University Press. 
Poghosyan, A. & Golkar, A. 2017. CubeSat evolution: Analyzing CubeSat 
capabilities for conducting science missions. Progress in Aerospace Sciences, 
88(59-83. 
Prasad, N. K., Kumar, S., Dasiga, S., Ravindra, H. S. & Maji, A. 2014. Ground 
based modeling and real time On-board calibration of a three axis 
magnetometer. IEEE Aerospace Conference. Big Sky, Montana, USA. 
Psiaki, M. L., Martel, F. & Pal, P. K. 1990. Three-axis attitude determination 
via Kalman filtering of magnetometer data. Journal of Guidance, Control, and 
Dynamics, 13(3), pp 506-514. 
  
 
- 168 - 
 
 
Pudney, M. 2014. Advances in Spacecraft Magnetic Cleanliness Verification and 
Magnetometer Zero Offset Determination in anticipation of the Solar Orbiter 
Mission. PhD, Imperial College London. 
Pulecchi, T. 2008. Advanced Techniques for Satellites Modeling and Attitude 
Control. PhD, Politecnico di Milano. 
Purcell, E. M. & Morin, D. 2013. Electricity and Magnetism, New York, USA: 
Cambridge University Press. 
Quadrino, M. K. 2014. Testing the attitude determination and control of a 
CubeSat with hardware-in-the-loop. Master of Science, Massachusetts Institute 
of Technology. 
Ranganathan, A. 2004. The levenberg-marquardt algorithm. 
Raspberry-Pi. 2019. Raspberry Pi 3 Model B+ [Online]. Available: 
https://www.raspberrypi.org/products/raspberry-pi-3-model-b-plus/ [Accessed 
25/08/2019. 
Rauschenbach, H. S. 2012. Solar cell array design handbook: the principles and 
technology of photovoltaic energy conversion, Canada: Van Nostrand Reinhold 
Ltd. 
Rawashdeh, S. A. & Lumpp Jr, J. E. 2013. Aerodynamic Stability for CubeSats 
at ISS Orbit. Journal of Small Satellites, 2(1), pp 25-104. 
Reichel, F., Bangert, P., Busch, S., Ravandoor, K. & Schilling, K. 2013. The 
Attitude Determination and Control System of the Picosatellite UWE-3*. the 
19th IFAC Symposium on Automatic Control in Aerospace. Würzburg, 
Germany. 
Reis, M. 2013. Fundamentals of Magnetism, Amsterdam, Netherlands: Elsevier. 
Riwanto, B. 2015. Cubesat attitude system calibration and testing. Master of 
Science, Luleå University of Technology. 
Rogan, S., Elwood, A., Roland, B., Roberto, C., Gregory, D., Andres Dono, P., 
Arif Göktuğ, K., Benjamin, K., Abraham, R., James, S., Rogan, S., Julia, T. & 
Sasha, W. 2015. Small spacecraft technology state of the art,  (Moffett Field, 
California, USA). 
Roozeboom, F., Abedrabbo, S., Ravindra, N., Walk, H. & Falter, M. 1998. Rapid 
thermal magnetic annealing as an emerging technology in field-annealing of thin 
magnetic films for recording heads. Materials Science in Semiconductor 
Processing, 1(3-4), pp 303-315. 
  
 
- 169 - 
 
 
Ruark, A. E. & Peters, M. F. 1926. Helmholtz coils for producing uniform 
magnetic fields. Journal of the Optical Society of America and Review of 
Scientific Instruments, 13(2), pp 205-212. 
Ruf, C., Redfern, J., Scherrer, J., Bland, P. & Garcia, S. 2018. CYGNSS Lessons 
Learned,  (Michigan, USA). 
Sarah, L. & Brian, D. 2018. CubeSats Overview [Online]. USA: National 
Aeronautics and Space Administration (NASA). Available: 
https://www.nasa.gov/mission_pages/cubesats/overview [Accessed 
14/02/2019 2019]. 
Schalkowsky, S., Harris, M. & Exotech, I. 1969. Spacecraft Magnetic Torques,  
(Springfield). 
Selva, D. & Krejci, D. 2012. A survey and assessment of the capabilities of 
Cubesats for Earth observation. Acta Astronautica, 74(50-68. 
Seriani, S., Brama, Y., Gallina, P. & Manzoni, G. 2016. In-orbit offline 
estimation of the residual magnetic dipole biases of the POPSAT-HIP1 
nanosatellite. Acta Astronautica, 122(10-18. 
Shaffer, C. 2013. A Study on the Usage of TASC and UTJ Solar Cells in the 
Design of a Magnetically Clean CubeSat. the 27th AIAA/USU Conference on 
Small Satellites. Logan, Utah, USA. 
Sharp, W. C. 1978. Fundamental Considerations of Lightning Protection, 
Grounding, Bonding, and Shielding,  (Washington, United, States). 
Sheinker, A., Lerner, B., Salomonski, N., Ginzburg, B., Frumkis, L. & Kaplan, 
B.-Z. 2007. Localization and magnetic moment estimation of a ferromagnetic 
target by simulated annealing. Measurement Science and Technology, 18(11), 
pp 3451-3457. 
Shin-ichiro, S., Yosuke, F. & Hirobumi, S. 2008. Design and On-Orbit 
Evaluation of Magnetic Attitude Control System for the “REIMEI” 
Microsatellite. the 10th IEEE International Workshop on Advanced Motion 
Control. Trento, Italy. 
Shuster, M. D. & Oh, S. 1981. Three-axis attitude determination from vector 
observations. Journal of Guidance, Control, and Dynamics, 4(1), pp 70-77. 
Sidi, M. J. 1997. Spacecraft dynamics and control : a practical engineering 
approach, New York, USA: Cambridge University Press. 
  
 
- 170 - 
 
 
Silani, E. & Lovera, M. 2005. Magnetic spacecraft attitude control: a survey and 
some new results. Control Engineering Practice, 13(3), pp 357-371. 
Sivaraman, N. 2017. Design of magnetic probes for near field measurements and 
the development of algorithms for the prediction of EMC. PhD, Université 
Grenoble Alpes. 
Söken, H. E. & Hajiyev, C. 2014. Estimation of pico-satellite attitude dynamics 
and external torques via Unscented Kalman Filter. Journal of Aerospace 
Technology and Management, 6(2), pp 149-157. 
Soken, H. E. & Sakai, S.-i. 2015. Multiple-model adaptive estimation of time-
varying residual magnetic moment for small satellites. Advances in Aerospace 
Guidance, Navigation and Control. Springer. 
Soken, H. E., Sakai, S.-i. & Wisniewski, R. 2014. In-orbit estimation of time-
varying residual magnetic moment. IEEE Transactions on Aerospace and 
Electronic Systems, 50(4), pp 3126-3136. 
Springmann, J. C. 2013. Satellite Attitude Determination with Low-Cost 
Sensors. PhD, University of Michigan. 
Springmann, J. C., James, C. & Hasan, B. 2010. Magnetic Sensor Calibration 
and Residual Dipole Characterization for Application to Nanosatellites. 
AIAA/AAS Astrodynamics Specialist Conference. Toronto, Ontario, Canada: 
American Institute of Aeronautics and Astronautics. 
Springmann, J. C., Kempke, B., Cutler, J. & Bahcivan, H. 2012a. Initial flight 
results of the RAX-2 satellite. the 26th AIAA/USU Conference on Small 
Satellites. Logan, Utah, USA. 
Springmann, J. C., Sloboda, A., Klesh, A., Bennett, M. & Cutler, J. 2012b. The 
attitude determination system of the RAX satellite. Acta Astronautica, 75(120-
135. 
Stefanita, C.-G. 2012. Magnetism: basics and applications: Springer Science & 
Business Media. 
Stern, T. & DeLapp, S. 2004. Techniques for Magnetic Cleanliness on Spacecraft 
Solar Arrays. the 2nd International Energy Conversion Engineering Conference. 
Providence, Rhode Island: American Institute of Aeronautics and Astronautics. 
Steyn, W. H. 1995. A multi-mode attitude determination and control system for 
small satellites. PhD, University of Stellenbosch. 
  
 
- 171 - 
 
 
Steyn, W. H. & Hashida, Y. 1999. An attitude control system for a low-cost 
Earth observation satellite with orbit maintenance capability. the 13th 
AIAA/USU  
Steyn, W. H. & Hashida, Y. 2000. In-orbit attitude and orbit control 
commissioning of UOSAT-12. the 4th ESA International Conference on 
Spacecraft Guidance, Navigation and Control. ESTEC, Noordwijk, The 
Netherlands. 
Steyn, W. H. & Hashida, Y. 2001. In-orbit attitude performance of the 3-axis 
stabilised SNAP-1 nanosatellite. 15th Annual AIAA/USU Conference on Small 
Satellites, . Logan, Utah, USA. 
Steyn, W. H., Hashida, Y. & Lappas, V. 2000. An attitude control system and 
commissioning results of the SNAP-1 nanosatellite. the 14th AIAA/USU 
Conference on Small Satellites. Logan, Utah, USA. 
Steyn, W. H. & Jordaan, H. W. 2016. An active attitude control system for a 
drag sail satellite. Acta Astronautica, 128(313-321. 
Steyn, W. H. & Lappas, V. 2011. Cubesat solar sail 3-axis stabilization using 
panel translation and magnetic torquing. Aerospace Science and Technology, 
15(6), pp 476-485. 
Sweeting, M. 2002. Micro/Nanosatellites—The New World. Smaller satellites: 
bigger business? Dordrecht, Netherlands: Springer Science+Business Media  
Taylor, B., Duke, R., Stewart, B., Bridges, C., Fellowes, S., Aglietti, G., 
Lassakeur, A., Djamane, F., Ouis, M. A., Ladjouze, M. C., Metfah, K. & Abed, 
S. 2018. AlSaT-nano: Facilitating success with mission operations. the 69th 
International Astronautical Congress, IAC. Bremen, Germany. 
Taylor, B., Duke, R., Stewart, B., Massimiani, C., Bridges, C. P., Aglietti, G., 
Lassakeur, A., Underwood, C., Djamane, F., Ouis, M. A., Ladouze, M. C., 
Meftah, K., Chikouche, A. & Hamed, D. E. B. 2017. AlSat-nano: Knowledge 
transfer to operational partnership. the 68th International Astronautical 
Congress, IAC. Adelaide, Australia. 
Terral, J.-C. P.-M. 2005. Magnetic cleanliness verification of telecommunication 
satellite payload. European Test and Telemetry Conference. Toulouse, France. 
Thakker, P. & Shiroma, W. A. 2010. Emergence of pico- and nanosatellites for 
atmospheric research and technology testing, Reston, VA, USA: American 
Institute of Aeronautics and Astronautics. 
  
 
- 172 - 
 
 
Thebault, E. 2014. International Geomagnetic Reference Field [Online]. The 
International Association of Geomagnetism and Aeronomy (IAGA). Available: 
https://www.ngdc.noaa.gov/IAGA/vmod/igrf.html [Accessed 22/04/2019 
2019]. 
Thébault, E., Finlay, C. C., Beggan, C. D., Alken, P., Aubert, J., Barrois, O., 
Bertrand, F., Bondar, T., Boness, A., Brocco, L., Canet, E., Chambodut, A., 
Chulliat, A., Coïsson, P., Civet, F., Du, A., Fournier, A., Fratter, I., Gillet, N., 
Hamilton, B., Hamoudi, M., Hulot, G., Jager, T., Korte, M., Kuang, W., 
Lalanne, X., Langlais, B., Léger, J.-M., Lesur, V., Lowes, F. J., Macmillan, S., 
Mandea, M., Manoj, C., Maus, S., Olsen, N., Petrov, V., Ridley, V., Rother, M., 
Sabaka, T. J., Saturnino, D., Schachtschneider, R., Sirol, O., Tangborn, A., 
Thomson, A., Tøffner-Clausen, L., Vigneron, P., Wardinski, I. & Zvereva, T. 
2015. International Geomagnetic Reference Field: the 12th generation. Earth, 
Planets and Space, 67(1), pp 79. 
Thomson, A. W. P. 2015. International Geomagnetic Reference Field (IGRF) 
[Online]. Edinburgh, UK: British Geological Survey Available: 
http://www.geomag.bgs.ac.uk/research/modelling/IGRF.html [Accessed 
21/07/2019 2019]. 
Tipler, P. A. & Llewellyn, R. A. 2012. Modern physics, 6th, New York, USA: 
W. H. Freeman and Co. 
Tong, X. C. 2016. Advanced materials and design for electromagnetic 
interference shielding, Miami, FL, USA: CRC press. 
Toorian, A., Diaz, K. & Lee, S. 2008. The CubeSat Approach to Space Access. 
IEEE Aerospace Conference. Big Sky, Montana, USA. 
Tossman, B. E. 1965. Resonance technique for measurement of satellite magnetic 
dipole moment,  (Berwyn, MD, USA). 
Trout, S. R. 1988. Use of Helmholtz coils for magnetic measurements. IEEE 
Transactions on Magnetics, 24(4), pp 2108-2111. 
Tsyganenko, N. A. 1995. Modeling the Earth's magnetospheric magnetic field 
confined within a realistic magnetopause. Journal of Geophysical Research: 
Space Physics, 100(A4), pp 5599-5612. 
Tummala, A. & Dutta, A. 2017. An overview of cube-satellite propulsion 
technologies and trends. Aerospace, 4(4), pp 58. 
Turer, I. & Sevgi, L. 2016. DC magnetic compatibility of satellites. International 
Journal of RF and Microwave Computer‐Aided Engineering, 26(4), pp 330-334. 
  
 
- 173 - 
 
 
Udrea, B., Nayak, M. & Ankersen, F. 2013. Analysis of the Pointing Accuracy 
of a 6U CubeSat Mission for Proximity Operations and Resident Space Object 
Imaging. the 5th International Conference on Spacecraft Formation Flying 
Missions and Technologies. Munich, Germany. 
Underwood, C., Lappas, V., Richardson, G. & Salvignol, J. 2002. Snap-1: 
Design, construction, launch and early operations phase results of a modular 
cots-based nano-satellite. Smaller Satellites: Bigger Business? : Springer. 
Vallado, D. A. & Crawford, P. 2008. SGP4 orbit determination. AIAA/AAS 
Astrodynamics Specialist Conference and Exhibit. Honolulu, Hawaii. 
Villela, T., Costa, C. A., Brandão, A. M., Bueno, F. T. & Leonardi, R. 2019. 
Towards the Thousandth CubeSat: A Statistical Overview. International 
Journal of Aerospace Engineering, 2019( 
Vincent, F.-L. 2010. Study of passive and active attitude control systems for the 
OUFTI nanosatellites. University of Liège. 
Visagie, L. 2015. QB50 ADCS Reference Manual,   
Visagie, L., Forshaw, J., Frame, T., Lappas, V. & Steyn, W. H. 2014. A 
Miniaturised Attitude Control and Determination System for the QB50 and 
SME-SAT Missions. ESA Guidance, Navigation, and Control Conference. 
Porto, Portugal. 
Visagie, L. & Mike-Alec, K. 2015. ADCS Interface Control Document,   
ViziMag. 2018. Visualizing Magnetic Fields [Online]. Available: 
http://web.archive.org/web/20120425211626/http://www.vizimag.com/ 
[Accessed 25/08/2019 2019]. 
Walt, M. 2005. Introduction to geomagnetically trapped radiation, New York, 
USA: Cambridge University Press. 
Wang, P. & Shtessel, Y. 1998. Satellite attitude control using only magnetic 
torquers. American Control Conference. Philadelphia, Pennsylvania. 
Wertz, J. R. 1978. Spacecraft attitude determination and control, Dordrecht, 
Holland: Springer Science & Business Media. 
Wertz, J. R. & Larson, W. J. 1999. Space mission analysis and design, 
Dordrecht,  The Netherlands: Kluwer. 
Weston, D. 2017. Electromagnetic Compatibility: Principles and Applications, 
Revised and Expanded, Columbus, Ohio, USA: CRC Press. 
  
 
- 174 - 
 
 
Wiesel, W. E. 2010. Spaceflight Dynamics, 3rd, New York, USA: Mcgraw-hill. 
Yadav, A. 2016. Strong Magnetic Shielding by Common Available Material. Int 
J Adv Tech International Journal of Advancements in Technology, 07(04), pp 
1-4. 
You, Z. 2017. Space Microsystems and Micro/Nano Satellites, Oxford, UK: 
Butterworth-Heinemann. 
Young, H. D. & Freedman, R. A. 2015. University physics with modern physics, 
Columbus, Ohio, USA: Pearson Higher Ed. 
Zhang, X., Fan, L., Cheng, P., Chen, C., Liu, X. & Kang, C. 2017. A Method 
to Remotely Track a Magnetic Target Using a Scalar Magnetometer Array. 
Journal of Sensors, 2017( 
Zorita, J. 2011. Dynamics of small satellites with gravity gradient attitude 
control. 
 
